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Characteristics and Trends of Streamflow and
Dissolved Solids in the Upper Colorado River Basin,
Arizona, Colorado, New Mexico, Utah, and Wyoming

By Timothy D. Liebermann, David K. Mueller,
James E. Kircher, and Anne F. Choquette

Abstract

Annual and monthly concentrations and loads of dissolved
solids and major constituents were estimated for 70 streamflow-
gaging stations in the Upper Colorado River Basin. Trends in
streamflow, dissolved-solids concentrations, and dissolved-solids
loads were identified. Nonparametric trend-analysis techniques
were used to determine step trends resulting from human ac-
tivities upstream and long-term monotonic trends. Results were
compared with physical characteristics of the basin and historical
water-resource development in the basin to determine source
areas of dissolved solids and possible cause of trends.

Mean annual dissolved-solids concentration increases from
less than 100 milligrams per liter in the headwater streams to
more than 500 milligrams per liter in the outflow from the Upper
Colorado River Basin. All the major tributaries that have high
concentrations of dissolved solids are downstream from exten-
sive areas of irrigated agriculture. However, irrigation predated
the period of record for most sites and was not a factor in many
identified trends. Significant annual trends were identified for
30 sites. Most of these trends were related to transbasin exports,
changes in land use, salinity-control practices, or reservoir
development. The primary factor affecting streamflow and
dissolved-solids concentration and load has been the construc-
tion of large reservoirs. Reservoirs have decreased the seasonal
and annual variability of streamflow and dissolved solids in
streams that drain the Gunnison and San Juan River basins.
Fontenelle and Flaming Gorge Reservoirs have increased the
dissolved-solids load in the Green River because of dissolution
of mineral salts from the bank material. The largest trends oc-
curred downstream from Lake Powell. However, the period of
record since the completion of filling was too short to estimate
the long-term effects of that reservoir.

INTRODUCTION

The Colorado River and its tributaries comprise one
of the primary sources of water in the arid American West.
The availability and quality of water have been central fac-
tors in settlement and development in the Colorado River

basin and in neighboring arid regions. Much legislation and
many legal agreements have been established to govern the
distribution of water and to maintain water quality in the
basin.

The Colorado River basin formally was divided into
upper and lower basins by the Colorado River Compact of
1922 (Upper Colorado River Commission, 1950). The divi-
sion occurs at the compact point, which was named Lee
Ferry, Ariz. (pl. 1), located 1 mi downstream from the mouth
of the Paria River and 1.4 mi downstream from the
streamflow-gaging station at Lees Ferry, Ariz. The Upper
Colorado River Basin comprises parts of the States of
Arizona, Colorado, New Mexico, Utah, and Wyoming.

The Upper Colorado River Basin annually discharges
about 7 million tons of dissolved solids from natural sources
and sources related to human activities. This dissolved-solids
load is a major concern to agricultural, municipal, and in-
dustrial users in the Lower Colorado River Basin.

“‘Dissolved solids’’ is the sum of the individual dis-
solved constituents present in water. Dissolved-solids
concentration is the quantity of dissolved solids in a unit
volume of water. In other reports on the Colorado River
basin, dissolved-solids concentration often is referred to as
“‘salinity.”” Dissolved-solids load is the product of dissolved-
solids concentration and streamflow and represents the quan-
tity of dissolved material transported downstream. In this
report, the unit of measure for dissolved-solids concentra-
tion is milligrams per liter, and the unit of measure for
dissolved-solids load is tons. The mass fraction of a dissolved
constituent is the proportion of that constituent within the
overall dissolved load.

In the Upper Colorado River Basin, the major dissolved
constituents are the cations calcium, magnesium, sodium,
and potassium; the anions sulfate, chloride, and bicarbonate;
and electrically neutral silica. Compared to the sum of these
major constituents, other dissolved constituents such as car-
bonate, nitrate, and organic-carbon compounds ordinarily
are not present in substantial quantities. For calculating
dissolved-solids concentration as the sum of the constituents,
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bicarbonate is converted to the equivalent quantity of car-
bonate that would remain in the evaporation residue. In this
report, the term *‘carbonate equivalent’’ refers to the sum
of carbonate and bicarbonate as carbonate. Where carbonate
and bicarbonate data were missing, alkalinity was used to
compute carbonate equivalent. Carbonate equivalent concen-
trations and loads were used in all subsequent analyses and
are listed in tables of data in this report. Bicarbonate was
the primary form of dissolved carbon at all sampling loca-
tions. The concentrations and loads of sodium and potassium
also were combined in a single value in this report. Potassium
generally accounted for only a small fraction of this sum.

As ariver flows downstream, it naturally accumulates
dissolved solids from diffuse and point sources. Diffuse
sources add dissolved solids gradually throughout long
reaches of the river; these contributions may come from
overland flow, from ground-water movement through
underlying soils and rocks, and from dissolution of materials
in the stream channel. Natural point sources are primarily
saline springs that discharge into the stream. Human activities
that can produce sources of dissolved solids include municipal
and industrial development, mining and drilling operations,
disturbance or inundation of surface material, and operation
of irrigation systems. Diffuse sources contribute more
dissolved solids to the Colorado River system than do point
sources (Iorns and others, 1965) and are more difficult to
measure and control. Any process that increases the quan-
tity of dissolved solids transported downstream may be called
dissolved-solids loading.

Dissolved-solids concentration may increase because
of the diversion of water that has a relatively small dissolved-
solids concentration from the stream system. In the Upper
Colorado River Basin, this concentrating effect primarily is
caused by the export of water to other basins, evapotranspira-
tion from irrigated agricultural lands, and evaporation from
stream channels and reservoirs.

To address the concern about dissolved solids, Con-
gress passed the Colorado River Basin Salinity Control Act
of 1974 (amended in 1985), which authorized planning and
construction of salinity-control projects in the Colorado River
basin. The U.S. Bureau of Reclamation was named the lead
agency for coordinating salinity-control activities.

As part of a cooperative agreement with the U.S.
Bureau of Reclamation, the U.S. Geological Survey has
undertaken studies to provide information that will help in
evaluating and planning salinity-control needs. This report
evaluates historical streamflow and dissolved solids in the
Upper Colorado River Basin.

Purpose and Scope

The purposes of this report are to (1) determine an-
nual and monthly concentrations and loads of dissolved solids
and the major dissolved constituents for all streamflow-

gaging stations in the Upper Colorado River Basin that had
adequate periods of record; (2) determine sources of dis-
solved solids; (3) determine trends in streamflow, dissolved
solids, and the major dissolved constituents during various
periods of record; and (4) determine possible causes of
trends.

This report describes the water resources of the drain-
age basin of the Colorado River upstream from Lee Ferry,
Ariz. Dissolved solids were estimated at 70 streamflow-
gaging stations in the Upper Colorado River Basin by using
surface-water and water-quality records from the U.S.
Geological Survey data base. Records through the end of the
1983 water year were evaluated.

Previous Investigations

The first description of the Colorado River basin was
reported by John Wesley Powell (1875), documenting his
expeditions during 1869 and 1871-72. Several U.S. Geo-
logical Survey publications in the early twentieth century
have described the region, its water resources, and its poten-
tial for water use (La Rue, 1916, 1925; Follansbee, 1929;
Woolley, 1930). Other comprehensive studies were compiled
by Iorns and others (1965), the Upper Colorado Region State-
Federal Inter-Agency Group (1971), and the U.S. Environ-
mental Protection Agency (1971).

Using tree-ring dating techniques, precipitation trends
and natural streamflow in the basin have been evaluated for
the last 450 years (Stockton and Jacoby, 1976; Dracup,
1977). Using streamflow, reservoir storage, and depletion
records, virgin streamflow at Lee Ferry, Ariz., has been
estimated from 1896 to 1984 (Upper Colorado River Com-
mission, 1984).

Numerous studies concerning dissolved-solids concen-
tration and water quality in the basin have been done since
the 1960’s in response to international agreements, national
legislation, and increasing demands for potable water.
Ground-water investigations include those of Price and
Arnow (1974), Taylor and others (1983), and Warner and
others (1985). The U.S. Bureau of Reclamation has published
biennial progress reports since 1963 documenting salinity,
water use, and salinity-control measures (U.S. Department
of the Interior, 1985).

Beginning in 1985, the U.S. Bureau of Reclamation
and the U.S. Department of Agriculture jointly published
an annual evaluation of salinity-control programs (U.S.
Bureau of Reclamation, 1985b). Prior to 1985, their reports
were published separately (for example, U.S. Bureau of
Reclamation, 1983; U.S. Soil Conservation Service, 1983,
1984). The U.S. Environmental Protection Agency (1971)
also has investigated mineral quality in the Colorado River
basin. Analyses of trends in dissolved solids in the basin were
done by Kircher and others (1984) and Moody and Mueller
(1984).
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Table 1. Diversions that export water from the Upper Colorado River Basin _
[Data from U.S. Bureau of Reclamation, written commun., 1985; H.E. Petsch, U.S. Geological Survey, written commun., 1985; °-min-s, degrees-

minutes-seconds; - -, no record]
Mean
Year annuall
Point of diversion placed Year export
Conveyance name State Origin Latitude Longitude in record (acre-feet

(°~-min-s) (°-min-s) operation begins per year)

Alva B. Adams Tunnel Colo. Grand Lake, Colorado River

Azotea Tunnel Colo. Navajo River
Berthoud Pass Ditch Colo. Fraser River
Black Canyon Ditch Utah Cottonwood Creek
Boreas Pass Ditch Colo. Blue River

Busk-Ivanhoe Tunnel Colo. Fryingpan River
C.H. Boustead Tunnel Colo. Fryingpan River

Candland Ditch Utah  Huntington Creek
Cedar Creek Tunnel Utah  Cottonwood Creek
Cheyenne Diversion Wyo. Little Snake River
Coal Fork Ditch Utah  Cottonwood Creek
Columbine Ditch Colo. Eagle River

Don La Font Ditches Colo. Piedra River
Duchesne Tunnel Utah  Duchesne River
Ephraim Tunnel Utah  Cottonwood Creek
Eureka Ditch Colo. Colorado River
Ewing Ditch Colo. Eagle River
Fairview Tunnel? Utah  Huntington Creek
Fuchs Ditch Colo. Los Pinos River
Grand River Ditch Colo. Colorado River

H.D. Roberts Tunnel Colo. Blue River
Hobble Creek Ditches Utah  Strawberry River

Homestake Tunnel Colo. Eagle River
Hoosier Pass Tunnel Colo. Blue River
Horseshoe Tunnel Utah Cottonwood Creek
J. August Ditch Utah  Ferron Creek
Larkspur Ditch Colo. Tomichi Creek
Larsen Tunnel Utah Cottonwood Creek
Madsen Ditch Utah  Ferron Creek
Moffat Water Tunnel Colo. Fraser River
Reeder Ditch Utah Cottonwood Creek
Spring City Tunnel Utah  Cottonwood Creek
Strawberry Tunnel Utah  Strawberry Reservoir
Tabor Ditch Colo. Cebolla Creek
Tarbell Ditch Colo. Cochetopa Creek
Treasure Pass Ditch Colo. Wolf Creek

Twin Creek Tunnel Utah Cottonwood Creek
Twin Lakes Tunnel Colo. Roaring Fork River
Vidler Tunnel Colo. Blue River

Weminuche Pass Ditch Colo. Los Pinos River

Williams Creek Ditch Colo. Squaw Pass Creek
Willow Creek Ditch Utah  Strawberry River
Wurtz Ditch Colo. Eagle River

40-19-40  105-34-50 1947 1947 247,200
36-51-12  106-40-18 1971 1971 106,600
39-47-55  105-46-35 1910 1910 536
39-27-00 111-20-00 1906 1915 379
39-24-40  105-58-05 1909 1933 49
39-14-55  106-28-15 1925 1925 5,850
39-16-39  106-26-09 1972 1972 41,470
39-33-00 111-19-00 1906 1950 200
39-27-00 111-20-00 1906 1914 373
41-02-27  106-55-15 1964 1964 7,050
39-30-00 111-19-00 1906 1949 263
39-22-45  106-13-40 1931 1931 1,690
37-34-20 107-00-00 1940 1940 191
40-35-33  111-00-07 1953 1954 18,180
39-19-47 111-25-51 1906 1937 4,350
40-20-00  105-43-40 1940 1940 12
39-21-40 106-18-15 1880 1908 1,020
39-40-03  111-18-41 1949 1949 2,340
37-40-50 107-19-30 1937 1937 261
40-28-40  105-45-10 1892 1896 17,540
39-27-42  105-40-32 1963 1963 67,720
40-18-00 111-15-00 1906 1906 1,201
39-16-50 106-26-26 1967 1967 24,310
39-21-35 106-04-35 1952 1952 8,000
39-22-00 111-27-00 1906 1950 600
39-18-00 111-27-00 1906 1940 200
38-24-00 106-15-00 1935 1935 244
39-21-00 111-27-00 1925 1941 945
39-19-00 111-27-00 1906 1940 35
39-54-10 105-38-50 1936 1936 59,720
39-23-00 111-23-00 1924 1930 270
39-25-34  111-21-51 1939 1939 2,210
40-09-40  111-14-40 1915 1915 67,820
37-56-00  107-10-50 1928 1928 837
38-00-00 106-48-00 1914 == 413
37-28-50  106-48-10 1929 1929 322
39-28~00 111-20-00 1906 1950 225
39-05-00 106-32-30 1935 1935 42,330
39-27-28  105-47-22 1971 1971 316
37-40-50 107-19-30 1937 1937 1,490
37-36~-00 107-13-00 1938 1938 84
40-20-00  111-14-00 1906 1906 1,388
39-21-15  106-21-05 1932 1932 2,910

1For water years 1973-82.
2Known from 1949 to 1967 as Fairview Ditch.

Mining and Energy Resources

Mining brought the first settlers to the region, and it
is still the major industry in many areas. Molybdenum,

vanadium, copper, nickel, uranium, lead, zinc, oil shale,
coal, and oil and gas resources all occur in the Upper Colo-
rado River Basin (Upper Colorado Region State-Federal
Inter-Agency Group, 1971). Railroad development and
increases in population spurred the mining of coal. Coal pro-
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Table 2. Reservoirs with a normal capacity greater than 5,000 acre-feet located in the Upper Colorado River Basin
[Data from N.E. Spahr, U.S. Geological Survey, written commun., 1985; °-min-s, degrees-minutes-seconds]

. . . Normal
Reservoir State %zt1§ude Lg?g%tfde ( Pocation. ) Yeirt d capacity
-min-s) (°-min-s) river basin complete (acre-feet)
Big Sand Wash Reservoir Utah 40-17-36 110-13-48 Lake Fork 1965 12,050
Big Sandy Reservoir Wyo. 42-15-18 109-25-48 Big Sandy River 1952 39,700
Blue Lake #1 Colo. 37-53-00 107-46-00 San Miguel River 1911 6,014
Blue Mesa Reservoir Colo. 38-27-13 107-20-00 Gunnison River 1966 940,700
Bottle Hollow Reservoir Utah 40-17-24 109-52-06 Uinta River 1970 11,100
Boulder Lake Wyo. 42-50-12 109-42-24 Boulder Creek 1964 22,280
Brown's Draw Reservoir Utah 40-25-24 110-07-12 Cottonwood Creek 1981 6,750
Bush Creek Reservoir Wyo. 42-08-00 108-29-18 Bush Creek 1945 17,267
Cleveland Reservoir Utah 39-34-42 111-14-18 Spring Creek 1908 5,340
Crawford Reservoir Colo. 38-39-18 107-35-42 Smith Fork 1951 14,395
Crystal Reservoir Colo. 38-30-38 107-37-25 Gunnison River 1976 25,236
Currant Creek Reservoir Utah 40-20-00 111-03-06 Currant Creek 1977 15,670
Desert Lake Utah 39-22-00 112-29-00 Huntington Creek 1926 7,300
Dillon Reservoir Colo. 39-37-14 106-03-53 Blue River 1963 252,678
Eden Valley Reservoir #1 Wyo. 42-13-36 109-23-06 Little Sandy Creek 1910 18,490
Electra Lake Colo. 37-32-48 107-48-24 Animas River 1976 23,254
Electric Lake Utah 39-36-12 111-12-54 Huntington Creek 1974 31,500
Elk Head Reservoir Colo. 40-33-48 107-22-36 Elk Head Creek 1979 11,500
Flaming Gorge Reservoir Utah 40-54-24 109-25-12 Green River 1964 3,787,000
Fontenelle Reservoir Wyo. 42-02-00 110-04-00 Green River 1964 345,300
Fremont Lake Wyo. 42-55-00 109-50-00 Pine Creek 1934 20,600
Gould Reservoir Colo. 38-36-12 107-35-36 Iron Creek 1954 9,000
Grass Valley Reservoir Colo. 39-36-24 107-39-36 Harvey Gap 1920 5,058
Green Mountain Reservoir Colo. 39-52-42 106-19-45 Blue River 1943 154,000
Groundhog Lake Colo. 37-47-24 108-17-36 Dolores River 1938 21,711
Gurley Reservoir Colo.  38-02-06 108-15-00 San Miguel River 1961 10,039
Homestake Reservoir Colo. 39-22-06 106-27-48 Homestake Creek 1964 43,600
Huntington North Reservoir  Utah 39-21-06 110-57-12 Huntington Creek 1966 5,420
Jackson Gulch Reservoir Colo. 37-24-06 108-16-30 West Mancos River 1949 9,980
Jerry Creek #2 Reservoir Colo. 39-11-24 108-06-42 Plateau Creek 1977 6,320
Joes Valley Reservoir Utah 39-17-18 111-16-12 Cottonwood Creek 1966 62,460
Johnson Reservoir Utah 38-36-30 111-38-00 Fremont River 1900 10,350
Juniata Reservoir Colo. 38~58-06 108-17-06 Kahnah Creek 1979 5,752
Lake Avery Colo.  39-58-18 107-38-48 Big Beaver Creek 1964 7,658
Lake Catamount Colo. 40~21-54 106-48-00 Yampa River 1974 7,422
Lake Granby Colo. 40-08-36 105-52-54 Colorado River 1950 540,000
Lake Powell Ariz.  36-56-12 111-29-00 Colorado River 1964 27,000,000
Lemon Reservoir Colo. 37-22-48 107-39-42 Florida River 1963 40,100
Long Park Reservoir Utah 40-54-30 109-52-06 Sheep Creek 1980 13,700
Mahoney Reservoir Wyo. 41-57-36 107-29-24 Separation Creek 1910 6,119
Many Farms Lake Ariz. 36-21-48 109-36-30 Chinle Wash 1943 12,500
Mc Chivvis Reservoir Colo. 40-07-06 107-01~12 Watson Creek 1962 7,141
Meadow Creek Reservoir Colo. 40-03-06 105~45-18 Meadow Creek 1975 5,750
Meeks Cabin Reservoir Wyo. 41-01-36 110-34~48 Blacks Fork 1971 32,470
Midview Reservoir Utah 40-11-12 110-10-06 Duchesne River 1937 5,800
Mill Meadow Reservoir Utah 38~29-42 111-34~06 Fremont River 1954 5,232
Miller Flat Reservoir Utah 39-32-24 111-14-30 Miller Flat Creek 1949 5,560
Millsite Reservoir Utah 39-05-48 111-11-06 Ferron Creek 1971 18,000
Miramonte Reservoir Colo. 37-58-24 108-20-06 Naturita Creek 1978 6,851
Moon Lake Utah 40-33-42 110-29-24 Lake Fork 1938 49,500
Morgan Lake N. Mex. 36-41-36 108-29-06 Chgco River ?nd 1960 36,550
an Juan River

Morrow Point Reservoir Colo. 38-27-05 107-32~12 Gunnison River 1968 117,200
Narraquinepp Reservoir Colo. 37-29-00 108-37-30 Narraquinnep Canyon 1956 18,960
Navajo Reservoir N. Mex. 36-48-28 107-36-31 San Juan River 1963 1,708,600
New Fork Lake Reservoir Wyo. 43-05-06 109-58-00 New Fork River 1928 20,340
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Table 2. Reservoirs with a normal capacity greater than 5,000 acre-feet located in the Upper Colorado River Basin—Continued

. Latitude Longitude Location Year Norm§1
Reservoir State (°-min-s) (°-min-s) (riv basin) completed capacity
min-s min-s river ba p (acre-feet)
Oak Park Reservoir Utah 40-44-36 109-37-12 Big Brush Creek 1938 6,249
Overland Reservoir #1 Colo. 39-04-42 107-38-42 Peters Creek 1951 5,990
Paonia Reservoir Colo. 38-56-36 107-21-12 Muddy Creek 1962 20,950
Pearl Lake Colo. 40-46-48 106-53-18 Lester Creek 1975 5,657
Pelican Lake Utah 40-11-00 109-40-48 Uinta River 1967 11,850
Red Creek Reservoir Utah 40-18-12 110-50-54 Red Creek 1960 5,700
Rifle Gap Reservoir Colo. 39-37-48 107-45-42 Rifle Creek 1967 13,600
Ruedi Reservoir Colo. 39-21-50 106-49-06 Fryingpan River 1968 102,500
Scofield Reservoir Utah 39-47-12 111-07-30 Price River 1946 73,600
Shadow Mountain R i .
fod Grond Take CTVOLY . Colo.  40-12-24  105-50-24  Colorado River 1947 18,400
Silver Jack Reservoir Colo. 38-14-42 107-32-36 EasF Fork ) 1971 13,520
Cimarron River
Sixty-seven Reservoir Wyo. 42-35-24 110-12-30 Spring Creek 1942 5,211
Starvation Reservoir Utah 40-11-26 110-26-28 Strawberry agd 1970 167,000
Duchesne Rivers
Steamboat Lake Colo. 40-47-30 106-56-48 Willow Creek 1966 23,064
Steinaker Reservoir Utah 40-30-00 109-32-00 Ashley Creek 1961 38,170
Stillwater Reservoir #1 Colo. 40-01-48 107-07-12 Yampa River 1939 6,088
Strawberry Reservoir Utah 40-08-24 111-06-12 Strawberry River 1912 1,106,500
Summit Reservoir Colo. 37-25-18 108-23-12 Tributary of 1939 5,954
Lost Canyon Creek
Taylor Park Reservoir Colo. 38-49-07 106-36-24 Taylor River 1935 106,200
Vallecito Reservoir Colo. 37-23-00 107-34-30 Los Pinos River 1941 129,700
Vega Reservoir Colo. 39-13-30 107-48-40 Plateau Creek 1959 33,800
Viva Naughton Reservoir Wyo. 41-57-48 110-39-30 Hams Fork 1961 42,393
Williams Fork Reservoir Colo. 40-02-06 106-12-18 Williams Fork 1959 93,637
Williams Reservoir Colo. 37-30-12 107-13-30 Williams Creek 1958 10,084
Willow Creek Reservoir Colo. 40-08-49 105-56-31 Willow Creek 1953 10,600
Willow Lake Wyo. 42-59-30 109-54-30 Lake Creek 1931 22,630
Yamcolo Reservoir Colo. 40-03-18 107-02-48 Bear River 1980 9,080

duction peaked during World War I, then declined until the
late 1960’s, when demand from electric utilities and industry
caused a resurgence of production from surface mining
(Green and others, 1980). Oil and gas have been produced
in the Upper Colorado River Basin since the early 1900’s.
The world’s largest deposits of oil shale occur in the central
area of the Green River basin.

Mining and energy resources development can con-
tribute dissolved solids to water in the Upper Colorado River
Basin. Abandoned oil and gas wells can serve as conduits
for deep, saline water to mix with shallow ground water
which then discharges to streams. Also, the leaching of
solutes from coal spoils can contribute large quantities of
dissolved solids to streams (McWhorter and others, 1975).

LEGISLATION AFFECTING WATER RESOURCES

Water use in the Upper Colorado River Basin is con-
trolled by law and by formal agreements among users. Some

legal constraints are designed to protect the quality of water
by limiting dissolved-solids concentrations.

Water Allocation

In 1922, representatives of the States in the Colorado
River basin drafted the Colorado River Compact, which was
approved by Congress in 1928 (Upper Colorado River Com-
mission, 1950). The Compact formally divided the basin into
the Upper Colorado River Basin and the Lower Colorado
River Basin at Lee Ferry, Ariz., along the main stem of the
Colorado River. Those parts of the Colorado River basin
that naturally drain into the Colorado River upstream from
Lee Ferry, Ariz., were included in the Upper Colorado River
Basin and the remainder were included in the Lower Colo-
rado River Basin. A distinction also was made between the
States of the upper division (Colorado, New Mexico, Wyo-
ming, and Utah) and the States of the lower division
(Arizona, California, and Nevada). The flow of the Colorado
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River was apportioned to provide exclusive beneficial con-
sumptive use of 7.5 million acre-ft annually to each basin,
and the Lower Colorado River Basin was given the right to
increase its annual beneficial consumptive use by 1 million
acre-ft. The States of the upper division guaranteed to
‘“*¥*pot cause the flow of the river at Lee Ferry to be
depleted below an aggregate of 75 million acre-ft for any
period of 10 consecutive years***’’. The Compact also made
provisions for obligations to Indian tribes and stipulated that
if flow proved insufficient to satisfy any treaty obligations
to Mexico, ‘‘***the burden of such deficiency shall be equal-
ly borne by the Upper basin and the Lower basin.”” Such
an obligation was fulfilled by the Water Treaty of 1944 with
the United Mexican States, which guaranteed 1.5 million
acre-ft of water annually to Mexico.

The Upper Colorado River Basin Compact of 1948
apportioned the water of the Upper Colorado River Basin
among the five States having drainage areas that contribute
to the flow of the Colorado River upstream from Lee Ferry,
Ariz. Annual consumptive use was allocated as follows:
50,000 acre-ft to Arizona, and of the remaining portion,
51.75 percent to Colorado, 11.25 percent to New Mexico,
23 percent to Utah, and 14 percent to Wyoming.

Although it did not directly apportion flow, the Colo-
rado River Storage Project Act of 1956 (Public Law 84-485)
resulted in major effects on the flow in the entire Colorado
River basin. It authorized construction of the Glen Canyon
Dam, the Flaming Gorge Dam, the Navajo Dam, and the
Wayne N. Aspinall (formerly known as Curecanti) Unit,
which is composed of Blue Mesa, Morrow Point, and Crystal
Reservoirs on the Gunnison River.

Water Quality

The Water Quality Act of 1965 (Public Law 89-234)
was an amendment to the Federal Water Pollution Control
Act of 1948. Tt required States to adopt water-quality stand-
ards for their interstate waters, but did not require numeric
criteria for dissolved-solids concentrations. A second set of
amendments, Public Law 92-500, was enacted in 1972. The
U.S. Environmental Protection Agency’s interpretation of
this law required the establishment of numeric criteria for
dissolved-solids concentration in the Colorado River. The
Colorado River Basin Salinity Control Forum was established
to develop these criteria and a plan of implementation. The
Forum recommended that numeric dissolved-solids criteria
be set at the calculated flow-weighted concentrations that
existed during the 1972 calendar year (Colorado River Basin
Salinity Control Forum, 1975). These were approved by the
seven basin States and the U.S. Environmental Protection
Agency in 1976. The criteria are dissolved-solids concen-
trations of 723 mg/L downstream from Hoover Dam,
Arizona-Nevada, 747 mg/L downstream from Parker Dam,
Arizona-California, and 879 mg/L upstream from Imperial
Dam, Arizona-California.

An outcome of the 1972 meeting between President
Nixon and Mexican President Echeverria was the signing
of Minute 242 of the International Boundary and Water Com-
mission pledging to find a solution for Mexico’s problems
with saline Colorado River water. It was agreed that the dif-
ference between the average annual salinity at Morelos Dam
(at the Mexican border) and at Imperial Dam (the last major
control structure upstream from the Mexican border) should
not exceed ‘‘115 + 30 parts per million’” (Upper Colorado
River Commission, 1973).

Congress passed the Colorado River Basin Salinity
Control Act (Public Law 93-320) in 1974 authorizing the con-
struction of 4 salinity-control projects and the development
of plans for 12 others. The 1984 amendment to the act (Public
Law 98-589) provided authority to the U.S. Bureau of
Reclamation and the U.S. Department of Agriculture to in-
stall the salinity controls needed to meet the numeric criteria
through the year 2005. The amendment established cost
effectiveness as an underlying decision-making criterion for
implementation of a project, authorized construction of
several projects, and authorized the Secretary of Agriculture
to establish a voluntary on-farm salinity control program with
landowners (U.S. Bureau of Reclamation, 1985b).

METHODS OF DATA ANALYSIS

The primary source of the data used in this report was
the U.S. Geological Survey’s National Water Data Storage
and Retrieval System (WATSTORE) (Hutchison, 1975). All
daily values of streamflow and specific conductance and
analyses of water quality were retrieved from this data base.
Data describing streamflow-gaging stations, such as location
and elevation, were obtained from WATSTORE and U.S.
Geological Survey data reports. Much of the data for reser-
voirs, diversions, and agricultural projects were obtained
from the U.S. Bureau of Reclamation project data reports
(U.S. Water and Power Resources Service, 1981), and addi-
tional data were obtained from the U.S. Department of the
Interior progress report (1985) and the Upper Colorado River
Commission (1950-84) annual reports.

Daily data collection in the Upper Colorado River
Basin by the U.S. Geological Survey began in 1894 when
streamflow-gaging stations were established along the Colo-
rado and Gunnison Rivers near Grand Junction, Colo., and
along the Green River near Green River, Wyo., and Green
River, Utah (U.S. Geological Survey, 1954). Daily monitor-
ing of specific conductance began in 1935 when once-daily
measurements were recorded at stations along the Colorado
River near Cameo, Colo., and Cisco, Utah, and along the
Gunnison River near Grand Junction, Colo.

Systematic sampling of water quality in the Upper
Colorado River Basin began in 1926, when 10 samples were
analyzed from the Colorado River at Lees Ferry, Ariz.
(Collins and Howard, 1928). By 1984, water at 566 different
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sites had been sampled at least once for dissolved-solids con-
centration, and 214 streamflow-gaging stations had at least
25 dissolved-solids analyses.

Selection of Streamflow-Gaging Stations

Seventy streamflow-gaging stations (hereinafter re-
ferred to as sites) were selected for analysis in this report
(table 3, pl. 1). Minimum criteria for selection were that a
site have a sustained period of analyses for dissolved solids
and a concurrent record of daily values of streamflow. Other
selection criteria included the length and completeness of
record, the availability of daily values of specific conduct-
ance, and a geographic location along a major stream or in
an area of special interest. The period of record for several
sites was increased by combining the records of adjacent
sites. For this study, about 1,500 site-years of dissolved-
solids data were compiled.

Estimation of Dissolved Solids

Annual and monthly dissolved-solids concentrations
and loads and mass fractions of major ionic constituents were
estimated using the computerized method described by
Liebermann and others (1987). Data were retrieved from the
U.S. Geological Survey’s data base (Hutchison, 1975). The
data available in WATSTORE included mean daily stream-
flow, mean daily specific conductance, and periodic chemical
analyses. These data were evaluated to locate potential errors
that, if uncorrected, might degrade the accuracy of subse-
quent regression analyses and lead to erroneous results.

The corrected data were used to estimate the daily loads
of dissolved solids and selected ionic constituents. Loads
were computed using the linear regression

In(L) =by+b; In(Q) + b, In(SC) 6))

where
In(L) = the estimated natural logarithm of load;
In(Q) =the natural logarithm of streamflow;
In(SC) = the natural logarithm of specific conductance;
and
by, by, by = regression coefficients.

If specific conductance was not available, load was computed
as a function of streamflow only:

In(f) = by +5; In(Q) )

Equation 2 may not be appropriate for sites immediately
downstream from a large reservoir. In order to ensure the
applicability of equation 1 for such sites, missing values of

specific conductance were estimated by linear interpolation
between the last observation preceding the missing record
and the first observation following the missing record. Miss-
ing values of specific conductance were estimated for 3 of
the 70 sites evaluated in the Upper Colorado River Basin:
site 34, Green River near Greendale, Utah (downstream from
Flaming Gorge Reservoir); site 61, San Juan River near
Archuleta, N. Mex. (downstream from Navajo Reservoir);
and site 69, Colorado River at Lees Ferry, Ariz. (down-
stream from Lake Powell). For each site, missing specific-
conductance values were estimated only for the period when
streamflow was regulated.

The observed dissolved-solids and constituent loads
used to calibrate the regression models (eqs 1 and 2) were
computed as the product of streamflow and the dissolved-
solids or constituent concentration. For specific sampling
dates, constituent loads were calculated for dissolved
calcium, magnesium, sodium plus potassium, the carbonate
equivalent of alkalinity, chloride, and sulfate. For each site
the regression models were evaluated on three-year groups
of data. The calibrated models then were used to estimate
daily loads for the central year of the group. The daily loads
were summed to produce the monthly values used in subse-
quent analyses. Daily streamflows also were summed to
produce monthly values. The flow-weighted mean monthly
concentrations of dissolved solids and ionic constituents then
could be computed by division of the monthly load by the
monthly streamflow. The monthly load and streamflow were
summed to produce annual values, from which flow-weighted
mean annual concentrations were computed. A complete
tabulation of the monthly and annual time series of stream-
flow, load, and concentration at the 70 sites is included in
a separate data report (Liebermann and Nordlund, 1988).

Flow-Adjusted Concentration

For most sites in the Upper Colorado River Basin, con-
centration of dissolved constituents is related to streamflow.
As streamflow increases, concentration decreases; as stream-
flow decreases, concentration increases. This relation can
affect subsequent trend analyses of the data, because a signifi-
cant trend in concentration may be entirely the result of a
corresponding trend in streamflow. To distinguish a trend
in concentration caused by changing supply rates or sources,
the effect of streamflow first must be removed. The resulting
flow-adjusted concentrations then may be analyzed for trends
over time.

Residuals from regression of dissolved-solids concen-
tration as a function of streamflow commonly are used as
flow-adjusted concentrations. In this report, the regression
model assumed to relate concentration to streamflow for all
the sites was:

In(€) = by + b1 In(Q) 3)
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where
In(C) = estimated natural logarithm of dissolved-solids
concentration;
In(Q) = natural logarithm of streamflow; and
by and b, = regression coefficients.

Detransformation of the regression model enabled estima-
tion of dissolved-solids concentration in the original units:

C=exp (130)Q5l exp(1/262) @

where
exp(1/262) =the bias-correction factor (Miller, 1984), and
62 =the estimated residual variance from calibra-
tion of the model (eq 1).

The residuals, or flow-adjusted concentrations, were com-
puted as the difference between the observed dissolved-solids
concentrations and the corresponding estimates (C) from
equation 4. Flow-adjusted concentrations were computed for
both the monthly and annual time series for all sites.

Nonparametric Trend Analysis

Trend analyses were made to test for significant
changes in streamflow and water quality during the period
of record. Nonparametric (rank or distribution-free) analyses
were used rather than parametric (least-squares regression)
analyses, because water-quality data commonly do not meet
the assumptions of parametric analyses (Hirsch and others,
1982). Hirsch and others reported that, even when all the
normality assumptions were met, the nonparametric Kendall
test was almost as powerful as parametric analyses based on
least-squares regression. They also reported that when skew-
ness or seasonality were introduced, the seasonal Kendall
test was better than regression, and that the effects of serial
correlation were no worse on the seasonal Kendall test than
on the regression test.

Nonparametric analyses were applied to the monthly
and annual time series of streamflow, dissolved-solids
concentration, dissolved-solids load, and flow-adjusted con-
centration for all sites having 10 or more years of dissolved-
solids records. Determination of trend significance was based
on the following criteria: p < 0.01, highly significant; 0.01
< p < 0.05, significant; 0.05 < p < 0.10, marginally signifi-
cant; p > 0.10, not significant; where p is the attained, two-
sided significance level for the test.

The seasonal Kendall test (Crawford and others, 1983)
was used to identify monotonic trends. The result of this test
is analogous to the slope of the least-squares regression line
(parametric) when the independent variable is measured in
years. Analyses of annual data yielded the median annual
change during the period of record, with an associated
significance level for the change. Analyses of monthly data

yielded the median annual change for each month of the year.
For example, dissolved-solids concentration may have
decreased by 3 mg/L per year during January, may have in-
creased by 1 mg/L per year during June, and may not have
changed significantly during September. Testing for trends
in both the annual and monthly time series was necessary
because the significance of trends in the two time series may
be different. For example, a site may have no significant
trend in annual streamflow, but may have an increasing trend
in monthly streamflow during January and a decreasing trend
in monthly streamflow during June.

The Mann-Whitney-Wilcoxon rank-sum test (Crawford
and others, 1983) was used to identify changes in the annual
and monthly data caused by an intervention in the watershed.
An intervention is some definable change that has an effect
on streamflow or water quality. Interventions identified in
the study area included construction of reservoirs, implemen-
tation of salinity-control projects, and initiation of transbasin
diversions. The data for a specific site were divided into two
periods: preintervention and postintervention. The Mann-
Whitney-Wilcoxon test analyzes the significance of the dif-
ference between the median values of the two periods and
is analogous to the Student’s #-test for the significance of the
difference between two means. The statistic used to estimate
the change in the median between the two periods is called
the step trend. It is the median of the differences calculated
from all possible combinations of the values for the two
periods. The step trend is a unbiased estimate of the change
in median and is a less variable estimator than the simple
difference between the medians of the two periods.

Thirteen sites were tested for step trends caused by an
upstream intervention. Results of the analyses for annual data
are summarized in table 4. Each site had a substantial period
of record before and after the intervention. Construction of
a large reservoir or transbasin diversion system was the major
intervention at 12 sites, and 1 site was evaluated for interven-
tion due to a salinity-control project. Other salinity-control
projects in the Upper Colorado River Basin were too recent
to enable adequate intervention analysis. In addition to the
step-trend analysis, the monotonic-trend analysis was done
for the preintervention period and the postintervention period
for each of these sites.

CHARACTERISTICS AND TRENDS OF
STREAMFLOW AND DISSOLVED SOLIDS

The study area was divided into three major regions:
the region drained by the Colorado River and tributaries
upstream from the confluence with the Green River, the
region drained by the Green River and its tributaries, and
the region from the confluence of the Green and Colorado
Rivers to Lee Ferry, Ariz., including the San Juan River and
tributaries and all tributaries to the Colorado between the

18  Characteristics and Trends of Streamflow and Dissolved Solids in the Colorado River Basin



‘ueTpaW UOTIUIAIIIUTIAd JO JUIDIVJ,

61  000°88S°‘I- SH -= -- -- 92  000°G0L‘C- S 08-9961 79-2461 SUITTIF TT9M0d dje] 69
-- -- -- 1t Ly SH - -- -- €8-¥961 19-0€61 Itoaxasdy ofeaey 89
-- - - -- -- - -- -- -- £8-5961 19-9661 I10A1383Y ofeaey 19
-- - - -- - - -- -- -- €8-9961 G9-{¥6T IT0AX9S3Y ASTTeA S90[ LS
91 000°0€E SH L 62 SH -- -~ -- €8-5961 79-6261 IT0AI9STY 9810y SutweTy %S
-- -- -- 61 68~ SH -- -- -- €8-6961 89-1G61 pa33n1d 1M I9a3K 0S
-- - - - - -- - -- -- €8-€L61 TL-LG6T ATOAXISIY Airaqmerlg jo uworsuedxy £y
SS  000°9vE s 62 (44} SH -- -- -- €8-G961 79-LS61 ITOAIIS9Y 38109 SuTwery vE
9Z 000°STI S -- -- -- -- -- -- £8-v961 £€9-7G61 ITOAIISIY STT3UIUOY og
-- - - - -- - - -- - £€8-9961 G9-0G61 ITOAI3SIY eSdY anyg 12
%1 000°‘%65- SH -- -- -- -- -- -- G9~0G61 6Y-6261  Aquely oyeT/[ouun] swepy ‘g BATY 12
8 000°611- SH -- -- -- -- -- -- €8-9961 S9-4€61 ITOAIISIY BSIK ONig €1
9 00068~ SK -- -- -- €1 000°Gg8E- SH £8-0661 6y-¥¢61  Aqueln SyeT/Tsuun] swepy ‘g eaTy (1]
- -- -- i1 6¢ SH 8T  000°‘0ge- S £8-0G61 6%-2%61  Aquean syeT/Tsuunj swepy ‘g ealy S
3993 siealk sie9k T
13usd (suol) 13497 p3usd (1/3w) To4a] PRELCH) -Muomv [3A97 .Mwumzv mwumzv uoTjulaIdluT jedidurig ommam
pu=1] 9duedT pusxl QVUEDT 90UedT M
-33d doyg  -3TusTg e | da1g -FTusTg -33d puaxy -FTustg pIodaX JO pIOd3X JO €
U T daag T poraad potaad a1qe1)
peoT uoTILIJUIDUO) MofyweaIlg uoTIUIA uoTIU3A 9318
SPITOS PIATOSSI( -133UT3sod -I33UTIAg

[©01°0 < d) wedyiudis 1ou - - {010 d > §0°0) uedHIUSIS AjjeurBiews ‘SW {(S0°0 > d > 10°0) JuedyIuBIs ‘S {(10°0 > d) WedyiuBis AlyBiy ‘SH Lal sad swesSypw /8w
uiseq JaAly opelojod saddn) ay ul suonuaisul Jofew Aq padaye salis oy spualy dals [enuuy ‘p djqel

19

Characteristics and Trends of Streamflow and Dissolved Solids



confluence and Lee Ferry, Ariz. (pl. 1). These regions are
called the Grand, Green, and San Juan regions.

This section contains a summary and analysis of the
historical streamflow and water-quality records at the 70
selected sites. The analysis includes determination of annual
and monthly means and results of trend analyses. Predomi-
nant cations and anions are reported, based on fraction of
the dissolved-solids load. Bicarbonate is considered the
primary form of dissolved carbon in the carbonate-equivalent
fraction. Sodium is considered the primary component of the
sodium-plus-potassium fraction.

Significant differences between the preintervention and
postintervention periods at sites downstream from major
interventions are reported as the step trends in the median
values. The percentage change from the preintervention
median also is reported. Monotonic trends are reported as
the annual rate of change of the median value during the
period of analysis. An estimate of the percentage change in
median from the beginning to the end of the period also is
reported. This change is computed using the ratio of the total
change during the period over the estimated median at the
beginning of the period:

Am =100 {__'T'__} )
M-Tn+1)2
where
Am =the change in median, in percent;
n = the number of years;
T = the monotonic trend per year; and
M = the median for the entire period.

The denominator [M — T(n+ 1)/2] estimates the median
value for the beginning of the period. The median dissolved-
solids concentration was used for evaluating the percentage
change in flow-adjusted concentration. For sites having
records divided into preintervention and postintervention
periods, the monotonic trends for each period are presented.
Trends are not reported if the period of record for a site is
less than 10 years.

The period of record for the 70 sites ranges from 3 to
55 years. Therefore, results commonly cannot be compared
between sites because of differences in the period of record.
Streamflow hydrograph analyses were based on the entire
period of record for streamflow and not confined to the
period of concurrent water-quality record. For this reason
streamflow analyses may have a different period of record
than the dissolved-solids analyses throughout the report.

Grand Region

Most of the streamflow of the Colorado River in the
Grand region originates on the western slope of the Rocky

Mountains in Colorado. Areas in Utah contribute only minor
quantities to the total streamflow from this region. The
drainage area in the Grand region is about 27,000 miZ. The
Grand region comprises 24 percent of the total drainage area
in the Upper Colorado River Basin; it contributes 47 per-
cent of the streamflow and 51 percent of the total dissolved-
solids load that Jeaves the Upper Colorado River Basin at
Lee Ferry, Ariz. The major tributaries in the Grand region
are the Eagle, Roaring Fork, Gunnison, and Dolores Rivers.

Data from 21 sites were evaluated for the Grand
region (pl. 1). Long-term mean annual runoff, streamflow,
dissolved-solids concentration and load, and major-
constituent load were determined at each of these sites
(table 5). Collins diagrams of chemical composition at several
sites are shown in figure 7. The carbonate plus bicarbonate
concentration in these diagrams was computed from the
carbonate equivalent of alkalinity, and assuming that bicar-
bonate is the dominant species. Significant annual monotonic
trends in the data for sites in the Grand region are reported
in table 6. For purposes of discussion, the Grand region was
divided into three subregions: the upper Colorado, the Gun-
nison, and the lower Colorado (pl. 1).

Upper Colorado Subregion

The upper Colorado subregion includes the drainage
area of the Blue, Eagle, Roaring Fork, and Fraser Rivers
and tributaries, and Plateau, Roan, Parachute, and Rifle
Creeks. The upper Colorado subregion also includes the
main-stem Colorado River from its headwaters in the moun-
tains to the confluence with the Gunnison River.

Numerous reservoirs and diversions affect the stream-
flow in this subregion. The Alva B. Adams Tunnel/Lake
Granby diversion and storage system is the largest transbasin
export in the entire Upper Colorado River Basin. The Alva
B. Adams Tunnel and Shadow Mountain Reservoir were
completed in 1947, but major diversions did not begin until
the completion of Lake Granby in 1950. Lake Granby stores
water from the main stem of the Colorado River during the
snowmelt season. Water then is pumped into Shadow Moun-
tain Reservoir, which is continuous with Grand Lake. Diver-
sions from Grand Lake via the Alva B. Adams Tunnel to
the South Platte River basin are large during all months,
except June, and average about 250,000 acre-ft/yr (table 1).

Homestake Tunnel and Reservoir have diverted water
from the Eagle River basin since 1967. The Moffat Water
Tunnel has diverted water from the Fraser River basin since
1936. The H.D. Roberts Tunnel, operating in conjunction
with Dillon Reservoir, has diverted water from the Blue
River basin since 1963. The Twin Lakes Tunnel (1935) and
the C.H. Boustead Tunnel (1972) divert water from the Roar-
ing Fork River basin. Ruedi Reservoir (1968) provides
regulation of streamflow downstream from the diversions to
the C.H. Boustead Tunnel.

20  Characteristics and Trends of Streamflow and Dissolved Solids in the Colorado River Basin
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Figure 7. Mean chemical composition of dissolved solids at selected sites in Grand region. Cations on left, anions

on right.

Alva B. Adams Tunnel at East Portal near Estes Park, Colo. (site 1)

The gaging station at site 1 (table 3, pl. 1) monitors
water exported from Grand Lake. Although samples collected
at this site do not represent an actual streamflow, they do
represent the water quality in the headwaters of the Colorado
River. During 1976-83, the flow-weighted dissolved-solids
concentration averaged 29 mg/L (table 5), the lowest of any
site in the entire Upper Colorado River Basin. Chemical com-
position is predominantly calcium and bicarbonate. About
9,000 tons of dissolved solids is removed annually from
Grand Lake through the tunnel. However, the principal effect
of this diversion is to remove relatively pure water from the
stream system.

Colorado River at Hot Sulphur Springs, Colo. (site 2)

The streamflow at site 2 (table 3, pl. 1) is about 32
percent of its preintervention quantity, mainly because of
exports through the Moffat Water Tunnel and the Alva B.
Adams Tunnel (fig. 84). The mean annual flow-weighted
dissolved-solids concentration is 70 mg/L. and the mean
annual streamflow is 196,000 acre-ft (table 5). Monthly
dissolved-solids concentration is relatively constant, vary-
ing between 59 and 89 mg/L. Calcium and bicarbonate are
the predominant ions throughout the year. From 1947 to
1983, annual monotonic-trend analyses indicated a signifi-
cant increase in median annual dissolved-solids concentra-
tion of 0.4 mg/L per year (table 6). This trend represents

22  Characteristics and Trends of Streamflow and Dissolved Solids in the Colorado River Basin



Table 6. Selected annual monotonic-trend-analysis results—Grand region
[Sites having less than 10 years of dissolved-solids data are not reported; n, number of years of dissolved-solids data; acre-ft/yr, acre-feet per year;
mg/L, milligrams per liter; tons/yr, tons per year; HS, highly significant (p < 0.01); S, significant (0.01 < p < 0.05); MS, marginally significant

(0.05 < p < 0.10); - -, not significant (p > 0.10)}

Annual trend in dissolved solids

Site Period Annual trend

Flow-adjusted

(table of in streamflow Concentration Load concentration
3, record Signif- Trend Signif- Signif- Trend Signif- _
plate (water n icance (acre- 1 icgnce Trend Per-l icgnce (tons/ ;1 icance 'freng) Pertl
1) years) level ft/yr) cent level (mg/L) cent level yr) cen level mg/ cen
2 1947-83 37 -- - -- S 0.4 22 -- -- -- - - --
3 1947-83 37 - - - S -1.9 21 HS -1,250 26 HS -2.1 23
4 1959-83 25 -- - - S =2.4 24 - - - HS -1.0 11
5 1950-83 34 -- -- -- -- -- -~ -- -- -- -- - ~-
6 1959-83 25 -- -- -- -- -- -- -- -- -- - - --
8 1973-82 10 -- - e- - - - - — - -- -- --
10 1934-49 16 -- - - MS -5.8 21 -- -- -- -- -- --
10  1950-83 34 -- - - -- - - -- - - -- -- -
11 1969-79 11  -- S — - - - - - -- -- -
12 1959-80 22 -- - - HS -20.4 30 s  -3,810 22 HS  -19.3 28
13 1934-65 32 -- -- -~ -- -- -~ -- -- -- S -2.8 13
13  1966-83 18 -- -- -~ s -16.1 39 - - -- HS -9.9 26
15 1974-83 10 S 1,620 26 S -38.4 25 MS -2,770 19 MS -37.0 25
17 1974-83 10 S 2,220 40 -- - - - - .- -- -- --
18 1962-83 22 -- - - MS -11.2 34 -- - - HS -4.8 16
20 1952-83 32 -- - -- -- -- -- HS 4,990 46 HS 4.7 24
21 1929-49 21 - - - -- - - -- -- -— - - -
21 1950-65 16 - - - -- -~ - -- -- -— - - --
21 1966-83 18 - - - -- -~ - - -- - MS -2.9 9

lpercent change during period of record.

a 22-percent increase in median annual concentration dur-
ing the 37-year period. The monotonic trend in median
annual streamflow since 1947 was not statistically signifi-
cant, perhaps because of the large annual variability and the
large streamflow volume during 1983.

Eagle River at Gypsum, Colo. (site 3)

Although the streamflow at site 3 (table 3, pl. 1) is com-
parable to the Colorado River preintervention streamflow at
site 2, the dissolved-solids concentration is much higher. The
mean annual flow-weighted dissolved-solids concentration
is 288 mg/L, and the mean annual streamflow is about
410,000 acre-ft (table 5). Sources of dissolved solids include
mining operations and surface outcrops of Pennsylvanian
sedimentary formations. Outcrops of the Eagle Valley
Evaporite contain thick salt beds (Warner and others, 1985).
During the snowmelt season (May-July), calcium and bicar-
bonate are the predominant ions. Calcium and sulfate
predominate during the remainder of the year. The Home-
stake Tunnel has only slightly affected the streamflow of the
Eagle River (fig. 8B).

Although streamflow has not changed significantly,
dissolved solids decreased during 1947-83. Annual
monotonic-trend analyses indicated a significant decrease in

median annual dissolved-solids concentrations of 1.9 mg/L
per year, and highly significant decreases in values of median
annual dissolved-solids load of 1,250 tons/yr and flow-
adjusted concentration of 2.1 mg/L per year (table 6). Dur-
ing the 37-year period, these trends represent a 21-percent
decrease in median annual concentration, a 26-percent
decrease in median annual load, and a 23-percent decrease
in median annual flow-adjusted concentration. Median annual
flow-adjusted concentrations of all major constituents also
decreased. The cause of the decrease is unknown, but may
be related to the change from mining and agricultural land
uses to recreational land use.

Colorado River near Dotsero, Colo. (site 4)

Streamflow at site 4 averages approximately 1.4 million
acre-ft/yr, and the mean annual flow-weighted dissolved-
solids concentration is about 213 mg/L (table 5). Calcium
and bicarbonate are the predominant ions throughout the
year. Sulfate also is a predominant ion during the low-flow
season because of the large load contributed by the Eagle
River. During 1959-83, annual monotonic-trend analyses
indicated a significant decrease in median annual dissolved-
solids concentration of 2.4 mg/L per year and a highly signifi-
cant decrease in median annual flow-adjusted concentration
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Figure 8. Mean daily streamflow at selected sites in upper Colorado subregion of Grand region (see pl.
1). A, Site 2, Colorado River at Hot Sulphur Springs, Colo. B, Site 3, Eagle River at Gypsum, Colo. C, Site
6, Roaring Fork River at Glenwood Springs, Colo. D, Site 7, Parachute Creek at Parachute, Colo. E, Site
10, Colorado River near Cameo, Colo. F, Site 11, Plateau Creek near Cameo, Colo.

of 1 mg/L per year (table 6). During the 25-year period, these
trends represent a 24-percent decrease in median annual con-
centration and a 11-percent decrease in median annual flow-
adjusted concentration. These decreases are comparable to
the annual monotonic trends at site 3, along the Eagle River,
which is the major tributary upstream.

Colorado River near Glenwood Springs, Colo. (site 5)

Site 5 (table 3, pl. 1) is located at the Shoshone Power
Plant, 10 mi downstream from site 4 and 6 mi upstream from
the town of Glenwood Springs. Streamflow is comparable
to streamflow at site 4, but approximately 150,000 tons of
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dissolved solids is added annually between sites 4 and 5, 70
percent as dissolved sodium and chloride. Most of this
dissolved-solids load is contributed by very saline, thermal
springs between the towns of Dotsero and Glenwood
Springs (Iorns and others, 1965; Warner and others, 1985).
Dissolved-solids concentration at site 5 averages 18 mg/L
higher in dissolved sodium and 30 mg/L higher in dissolved
chloride than at site 4. Calcium and bicarbonate are the
predominant jons during the snowmelt season. Sodium,
calcium, and chloride are predominant during the low-flow
season. The mean monthly loads of dissolved sodium and
chloride are relatively constant throughout the year.

The period of record was divided into a preintervention
period (1942-49) and a postintervention period (1950-83),
based on the Alva B. Adams Tunnel/Lake Granby exports.
The annual step trend in streamflow was —330,000 acre-ft,
a significant decrease of 18 percent from the preinterven-
tion median streamflow (table 4). The annual step trend in
dissolved-solids concentration was 39 mg/L, a highly sig-
nificant increase of 17 percent from the preintervention
median concentration. Dissolved-solids load did not change
significantly. Monthly step trends indicated a significant
decreasing streamflow and a highly significant increasing
dissolved-solids concentration during the snowmelt season
when water is stored in Lake Granby (fig. 9).

Annual monotonic-trend analysis for the preinter-
vention period indicated increased streamflow and decreased
dissolved-solids concentration during January through
March. No significant annual monotonic trends were
indicated for the postintervention period.

Roaring Fork River at Glenwood Springs, Colo. (site 6)

Site 6 (table 3, pl. 1) has a mean annual flow-weighted
dissolved-solids concentration of 245 mg/L (table 5). The
high mountains that form the headwaters region of the Roar-
ing Fork River are the source of large volumes of water.
The mean annual streamflow of the Roaring Fork River is
about 867,000 acre-ft (table 5). Approximately 35,000 acres
of irrigated farmland is in the downstream reaches of the river
basin, which contain outcrops of Cretaceous sedimentary
rocks. Mancos Shale, which contains relatively soluble
deposits of gypsum (calcium sulfate) and trona (sodium car-
bonate and sodium bicarbonate), is exposed in a large area
along the river and may be responsible for higher dissolved-
solids concentrations. The Eagle Valley Evaporite also is
exposed. The predominant ions are calcium and bicarbonate
during the snowmelt season and calcium and sulfate during
the low-flow season. The Twin Lakes Tunnel and C.H.
Boustead Tunnel/Ruedi Reservoir each have caused
decreases in peak flow at this site (fig. 8C). Large quan-
tities of gypsum were leached from the bank material short-
ly after construction of Ruedi Reservoir (J.W. Yahnke, U.S.
Bureau of Reclamation, written commun., 1982). No
statistically significant annual monotonic trends were detected
for this site.
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Figure 9. Step trends at site 5 (Colorado River near Glenwood

Springs, Colo.) from 1942-49 to 1950-83 and at site 10 (Co-
lorado River near Cameo, Colo.) from 1934-49 to 1950-83.

Parachute Creek at Parachute, Colo. (site 7)

Site 7 (table 3, pl. 1) has a mean annual flow-weighted
dissolved-solids concentration of 528 mg/L and a mean
annual streamflow of 23,000 acre-ft (table 5). Parachute
Creek drains Roan Mesa located north of the Colorado River.
In the drainage basin, Tertiary sedimentary rocks are ex-
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posed, including the Parachute Creek Member of the Green
River Formation, which contains oil-shale deposits.
Magnesium and calcium are the predominant cations during
the high-streamflow season (April-June). Sodium and
magnesium predominate during low streamflow. Bicarbonate
is a predominant anion throughout the year. During the low-
flow season sulfate also is predominant. Streamflow has a
large snowmelt peak in May (fig. 8D); this occurs earlier
than sites upstream, which are at higher elevations. Char-
acteristics of streamflow are very similar to those at site 9
(Roan Creek near DeBeque, Colo.).

Colorado River near DeBeque, Colo. (site 8)

Mean annual flow-weighted dissolved-solids concen-
tration at site 8 (table 3, pl. 1) averaged about 395 mg/L,
and mean annual dissolved-solids load was about 1.34 million
tons during 1973-82 (table 5). The predominant ions are
calcium and bicarbonate during the snowmelt season and
sodium and chloride during the low-flow season. Large quan-
tities of dissolved solids are added to the Colorado River in
the reach between sites 5 and 8. No statistically significant
annual monotonic trends were detected at this site.

The reach of the Colorado River between the towns
of Dotsero and Glenwood Springs, Colo., represents the
largest single source of dissolved solids in the Upper Colo-
rado River Basin. The dissolved-solids load contributed in
that reach was estimated by subtracting mean annual
dissolved-solids loads at sites 4, 6, and 7 from the mean
annual dissolved-solids load at site 8 and further subtracting
dissolved-solids loads from other known, small-stream in-
flows that have an estimated dissolved-solids concentration
of 600 mg/L. This resulted in an estimate of 475,000 tons/yr
of dissolved solids contributed in the reach between Dotsero
and Glenwood Springs, Colo. Seventy-three percent of this
dissolved-solids load is dissolved sodium and chloride, which
represents 17 percent of the dissolved-sodium and 38 per-
cent of the dissolved-chloride loads leaving the Upper Colo-
rado River Basin. Other estimates of the mean annual
dissolved-solids load contributed by the thermal springs in-
clude 440,000 tons (U.S. Department of the Interior, 1985),
534,000 tons (Warner and others, 1985), and 476,000 tons
(Torns and others, 1965).

Roan Creek near DeBeque, Colo. (site 9)

Streamflow characteristics at site 9 are similar to those
at site 7. Both sites record runoff from Roan Mesa; however,
streamflow and dissolved-solids load are greater at site 9
because of its larger drainage area. Dissolved-solids concen-
tration and chemical composition are similar at both sites.

Colorado River near Cameo, Colo. (site 10)

Streamflow hydrographs for site 10 (table 3, pl. 1)
depict the cumulative effect of reservoirs and transbasin
exports (fig. 8E). The snowmelt-runoff peak has decreased,
and a slight increase in flow has occurred during the re-

mainder of the year. A base flow of about 500 ft3/s is main-
tained throughout the year. The effect of development before
1935 is not depicted because of the lack of streamflow-gaging
data. Chemical composition of streamflow is related to the
primary sources of dissolved solids in the region. During
the snowmelt season, calcium and bicarbonate are the
predominant ions. During the base-flow period, when the
thermal springs in the Glenwood Springs and Dotsero areas
contribute a greater proportion of the streamflow, sodium
and chloride are predominant.

The period of record was divided into a preintervention
period (1934-49) and a postintervention period (1950-83),
based on the Alva B. Adams Tunnel/Lake Granby exports.
The annual step trend in streamflow was about —385,000
acre-ft, a marginally significant decrease of 13 percent from
the preintervention median (table 4). This change was com-
parable in magnitude to the decrease at site 5. In contrast
to site 5, the annual step trend in dissolved-solids load was
about —89,000 tons, a marginally significant decrease of 6
percent, but dissolved-solids concentration did not change
significantly. These differences apparently resulted from
decreases in dissolved-solids concentration at site 10 during
the base-flow period (September-March), which did not
occur at site 5 (fig. 9). The decreases in dissolved-solids
concentration may have been caused by the cumulative effect
of upstream reservoirs, which also produced small, but
significant, increases in streamflow at site 10 during the base-
flow period.

Annual monotonic-trend analysis for the preinterven-
tion period indicated a marginally significant decrease in
median annual dissolved-solids concentration of 5.8 mg/L
per year (table 6). This trend represents a 21-percent decrease
in median annual concentration during the 16-year period.
Monthly trends indicated enhanced streamflow and corre-
sponding decreases in dissolved-solids concentration during
the low-flow season. Although no significant annual mono-
tonic trends were indicated for the postintervention period,
monthly trends again indicated increased streamflow and
decreased dissolved-solids concentration during the low-flow
season.

Plateau Creek near Cameo, Colo. (site 11)

The water at site 11 (table 3, pl. 1), which is drained
from Grand Mesa along the southern side of the Colorado
River, is less saline than that of Parachute and Roan Creeks
(sites 7 and 9) and has a larger proportion of dissolved bicar-
bonate. The mean annual flow-weighted dissolved-solids
concentration is about 340 mg/L, and the mean annual
streamflow is about 124,000 acre-ft (table 5). The site is
downstream from many small reservoirs and about 25,000
acres of irrigated farmland; its streamflow hydrograph is
characterized by a late-May snowmelt peak and a well-sus-
tained base flow (fig. 8F). The Tertiary Wasatch Formation
and Cretaceous Ohio Creek Member of the Hunter Canyon
Formation that underlie much of the drainage basin do not
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contain large quantities of soluble material; streamflow con-
tains relatively high concentrations of dissolved magnesium
and bicarbonate but low concentrations of dissolved sulfate.
During the snowmelt season, calcium and bicarbonate are
the predominant ions. Sodium, calcium, magnesium, and
bicarbonate predominate during the low-flow season. No
statistically significant annual monotonic trends were detected
during 1969-79.

Gunnison Subregion

The drainage area of the Gunnison subregion (pl. 1)
is about 8,000 mi2. The Gunnison River is the largest
tributary to the Colorado River in Colorado and originates
in high mountainous terrain. Irrigation in the Gunnison
subregion began about 1890, and more than 200,000 acres
was irrigated during 1986, of which about 90,000 acres is
along the Uncompahgre River, about 20,000 acres is along
Tomichi Creek in the upper Gunnison area, and most of the
remainder is near the town of Delta, Colo., in the lower
reaches of the Gunnison basin. The large Uncompahgre and
lower Gunnison areas are underlain by Mancos Shale. Irri-
gation water applied to land underlain by Mancos Shale
causes weathering and dissolution of mineral salts from the
soils and underlying shale. As a result, the water returns to
the river with a larger dissolved-solids load than it had before
it was diverted (Iorns and others, 1965). Annual agricultural
dissolved-solids loading has been estimated at 360,000 tons
from the Uncompahgre Valley and 480,000 tons from the
lower Gunnison area (U.S. Department of the Interior,
1985), which makes the Gunnison subregion the largest
agricultural source of dissolved solids in the Upper Colorado
River Basin.

Three small transbasin diversions, the Larkspur, Tabor,
and Tarbell ditches export water from the Gunnison River
subregion to the Arkansas River and Rio Grande basins.
Large volumes of water are diverted within the subregion
through the Gunnison Tunnel, which transports water from
the Gunnison River to the Uncompahgre Valley. Diversions
through the tunnel began in 1910, totaled 117,000 acre-ft
during 1915, 250,000 acre-ft during 1930, and 352,000 acre-
ft during 1950. Taylor Park Dam was built in 1935 for
storage as part of the Uncompahgre Project.

Three large dams were built for power generation and
water storage on the main stem of the Gunnison River as
part of the Colorado River Storage Project. Together the
reservoirs constitute the Wayne N. Aspinall Unit, formerly
known as the Curecanti Unit. The largest and farthest
upstream is Blue Mesa Reservoir; the others are Morrow
Point Reservoir and Crystal Reservoir.

Uncompahgre River at Delta, Colo. (site 12)
Streamflow at site 12 (table 3, pl. 1) is affected by im-
ports from the Gunnison Tunnel from April through October
and by substantial evapotranspiration from irrigated

croplands. The streamflow hydrograph for site 12 is char-
acterized by a modest snowmelt-runoff peak during May and
June and a prominent irrigation-return flow period lasting
from September through mid-November (fig. 104). Calcium
and sulfate are the predominant ions during the entire year.
Dissolved sulfate makes up about 60 percent of the dissolved-
solids load. The river also transports large loads of dissolved
sodium, magnesium, and bicarbonate, but only a small load
of dissolved chloride. Annual flow-weighted dissolved-solids
concentration averages about 1,260 mg/L (table 5).

Annual flow of the Uncompahgre River at site 12 did
not change significantly during 1959-80, but dissolved-solids
concentration and load have decreased since the late 1960’s.
Annual monotonic-trend analyses indicated highly signifi-
cant decreases in median annual values of dissolved-solids
concentration of 20.4 mg/L per year and flow-adjusted con-
centration of 19.3 mg/L per year, and a significant decrease
in median annual dissolved-solids load of 3,810 tons/yr (table
6). During the 22-year period, these trends represent a
30-percent decrease in median annual concentration, a
28-percent decrease in median annual flow-adjusted concen-
tration, and a 22-percent decrease in median annual load.
All major constituents, except dissolved bicarbonate, de-
creased significantly in concentration and flow-adjusted
concentration. Flow-adjusted concentration decreased dur-
ing all months. The reason for this decline is unknown, but
it may be related to regulation and storage by Blue Mesa
Reservoir, which is downstream from the irrigated areas in
the upper reaches of the Gunnison River and upstream from
the diversion point of the Gunnison Tunnel.

Gunnison River near Grand Junction, Colo. (site 13)

Streamflow hydrographs for site 13 (table 3, pl. 1) are
shown in figure 10B. During 1897-1906, a flattening of the
snowmelt-runoff peak from diversions for agriculture
occurred; the peak further decreased after 1906 because of
irrigation diversions through the Gunnison Tunnel. Regula-
tion by reservoirs in the Wayne N. Aspinall Unit after 1965
has not decreased the annual flow of the Gunnison River but
has approximately halved the flow during the snowmelt
season and doubled the flow during the base-flow period.
Streamflow and dissolved-solids concentration are less
variable throughout the year, and from year to year. As at
site 12, the dissolved-solids composition is predominantly
calcium and sulfate, with small quantities of sodium,
magnesium, and bicarbonate. Although the chemical com-
position of streamflow is similar to that of the Uncompahgre
River, the dissolved-solids concentration is lower because
of dilution from the main stem of the Gunnison River.

The period of record at site 13 was divided into a
preintervention period (1934-65) and a postintervention
period (1966-83), based on the completion of Blue Mesa
Dam. The annual step trends in streamflow and dissolved-
solids concentration were not significant, but a marginally
significant decrease of 119,000 tons in dissolved-solids load
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Figure 10. Mean daily streamflow at selected sites in Gunnison subregion of Grand region. A, Site 12,
Uncompahgre River at Delta, Colo. B, Site 13, Gunnison River near Grand junction, Colo.

was identified (table 4). This decrease is 8 percent of the
preintervention median. It corresponds in magnitude with
the decrease in the load at site 12 on the Uncompahgre River,
which is tributary to the Gunnison River upstream from site
13. Monthly step-trend decreases in dissolved-solids concen-
tration of about 600 mg/L occurred during the low-flow
season of August through March; corresponding increases
in streamflow also occurred (fig. 11). Streamflow and
dissolved-solids load decreased during the snowmelt period
of May and June, and dissolved-solids concentration in-
creased slightly during May.

Annual monotonic-trend analysis for the preinterven-
tion period indicated a significant decrease in median annual
flow-adjusted concentration of 2.8 mg/L per year, a
13-percent decrease in the median during the 32-year period.
During the postintervention period, annual monotonic-trend
analyses indicated a significant decrease in median annual
dissolved-solids concentration of 16.1 mg/L per year and a
highly significant decrease in median annual flow-adjusted
concentration of 9.9 mg/L per year. These trends represent
a 39-percent decrease in median annual concentration and
a 26-percent decrease in median annual flow-adjusted
concentration during the 18-year period. The postinterven-
tion trends may be related to the completion of Morrow Point
and Crystal Reservoirs downstream from Blue Mesa
Reservoir.

Lower Colorado Subregion

The lower Colorado subregion includes the drainage
areas of the Dolores River and its tributaries and the Colo-
rado River between Grand Junction, Colo., and the con-
fluence with the Green River. About 70,000 acres is irrigated
along the Colorado River in the Grand Valley near Grand
Junction. Irrigation water for about 32,000 acres is supplied

by the Grand Valley Canal (constructed before 1900) and
Redlands Power Canal. The remaining area is supplied by
the Government Highline Canal built by the Federal Grand
Valley Project in 1917. This canal takes water diverted from
a dam across the Colorado River upstream from Grand Junc-
tion and transports it to cropland parallel to the river for 55
mi. Total irrigation diversions averaged 400,000 acre-ft/yr
by the early 1930’s. Consumptive use by irrigation has been
estimated at 247,000 acre-ft/yr (U.S. Bureau of Reclama-
tion, 1985a). Most of the irrigated land in the Grand Valley
is underlain by Cretaceous Mancos Shale, which is a source
of mineral salts dissolved in irrigation-return flow. The U.S.
Bureau of Reclamation (1985a) estimated that 580,000 tons
of dissolved solids per year is added to the Colorado River
in the Grand Junction area. As part of the-Colorado River
Basin Salinity Control Program, the lining of canals and
laterals has been started. The completed project will decrease
the dissolved-solids input by an estimated 140,000 tons/yr.
Stage I of the project, affecting about 10 percent of the
irrigated area, was completed in April 1983.
Approximately 28,000 acres is irrigated within the San
Miguel River basin and about 7,000 acres in the remainder
of the Dolores River basin. About 116,000 acre-ft of water
is exported annually from the Dolores River to Montezuma
Valley in the San Juan River basin for irrigation of 37,000
acres (U.S. Forest Service and others, 1976). The Dolores
Project, under construction since 1977, will export an addi-
tional 81,000 acre-ft/yr of water to the San Juan River basin.
The Dolores River channel crosses Paradox Valley, one
of a series of collapsed salt anticlines in the Paradox Basin.
The river flows directly across the soluble Paradox Member
of the Hermosa Formation, which is composed of about
14,000 ft of halite and halite-rich shale. As specified in Title
II of the Colorado River Basin Salinity Control Act, con-
struction of salinity-control facilities in the Paradox Valley
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Figure 11. Step trends at site 13 (Gunnison River near Grand
Junction, Colo.) from 1934-65 to 1966-83.

area was authorized, the goal of which was to remove
180,000 tons of dissolved solids per year from the Dolores
River.

Adobe Creek near Fruita, Colo. (site 14)

Streamflow at site 14, like streamflow at sites 15, 16,
and 17 (table 3, pl. 1), is composed almost entirely of
irrigation-return flows and excess irrigation waters from the
Grand Valley agricultural area. During 1974-80, mean an-
nual flow-adjusted dissolved-solids concentration averaged
1,220 mg/L (table 5). Calcium and sulfate are the predomi-
nant ions throughout the year. Sodium and magnesium con-
stitute a large fraction of the cation composition from
November through March. Dissolved sulfate comprises about
49 percent of the dissolved-solids load. This composition is
typical of agricultural return flow from areas underlain by
gypsiferous shale.

Reed Wash near Loma, Colo. (site 15)

The streamflow hydrograph for site 15 (table 3, pl. 1)
during 1974-83 shows the effect of irrigation waters in the
streams that drain the Grand Valley agricultural area (fig.
124). Irrigation waters return to the stream system rather
quickly, but accumulate large dissolved-solids loads. Mean

monthly dissolved-solids concentration ranged from 970
mg/L during May to 4,000 mg/L during January. As at site
14, streamflow is artificially large because of the water
imported into the local area.

Reed Wash drains an area affected by the Grand Valley
Unit of the Colorado River Basin Salinity Control Project.
Construction of salinity-control features in Grand Valley
began in 1980. The period of record at site 15 was not long
enough for an annual step-trend analysis, but several annual
monotonic trends were detected for 1974-83. Trends in-
dicated significant increases in median annual streamflow
of 1,620 acre-ft/yr (table 6) as a result of small increases
in streamflow for September through November, possibly
from extension of the period of application of irrigation
water. Annual monotonic trends indicated a significant
decrease in median annual dissolved-solids concentration of
about 38 mg/L per year and a marginally significant decrease
in median annual flow-adjusted concentration of 37 mg/L
per year, as a result of decreases for August through January
in the constituents that are dominant in irrigation-return flow
(dissolved calcium, magnesium, and sulfate). A marginally
significant decrease in median annual dissolved-solids load
of 2,770 tons/yr also was detected. During the 10-year period
of record, these trends represent a 26-percent increase in
median annual streamflow, a 25-percent decrease in median
annual dissolved-solids concentration, a 25-percent decrease
in median annual flow-adjusted concentration, and a
19-percent decrease in median annual dissolved-solids load.

Mack Wash near Mack, Colo. (site 16)

Site 16 (table 3, pl. 1) is just downstream from Highline
Lake and upstream from most of the Grand Valley irrigated
area. Therefore, it has a lower dissolved-solids concentra-
tion, and its streamflow hydrograph indicated the pattern of
releases from Highline Lake.

Salt Creek near Mack, Colo. (site 17)

Most of the drainage basin of Salt Creek is outside the
irrigated area of Grand Valley, but the streamflow hydro-
graph for site 17 (table 3, pl. 1) indicates that most of the
water is from irrigation-return flow (fig. 12B). Because Mack
Wash discharges into Salt Creek, streamflow at site 17 is
affected by reservoir releases from Highline Lake, upstream
from site 16. During 1974-83, mean annual flow-weighted
dissolved-solids concentration at site 17 averaged 1,360 mg/L
(table 5). Annual monotonic-trend analyses indicated a
significant increase in median annual streamflow of 2,220
acre-ft/yr (table 6), resulting from increased monthly
streamflow during August. This trend represents a 40-percent
increase in median annual streamflow for the 10-year period.

Although the volumes of streamflow at sites 14, 15,
16, and 17 in the Grand Valley are different, the mean annual
dissolved-solids concentrations and the seasonal fluctuations
of streamflow and dissolved-solids concentration are similar.
Calcium and sulfate are the predominant ions during every
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Figure 12. Mean daily streamflow at selected sites in lower Colorado subregion of Grand region. A, Site
15, Reed Wash near Loma, Colo. B, Site 17, Salt Creek near Mack, Colo. C, Site 18, Colorado River near
Colorado-Utah State line. D, Site 19, San Miguel River at Uravan, Colo. E, Site 20, Dolores River near Cisco,

Utah. F, Site 21, Colorado River near Cisco, Utah.

month. Sodium also is 2 predominant cation during the low-
flow season. Leaching from the underlying Mancos Shale
contributes large quantities of calcium, magnesium, and
sulfate. The source water from the Colorado River contains
large quantities of sodium and chloride from upstream ther-

mal springs, and the concentration of these constituents in
irrigation-return flow is increased because of evapotranspira-
tion. The combined mean annual dissolved-solids load from
sites 14, 15, 16, and 17 is about 303,000 tons (table 5). Other
sites in the Grand Valley where irrigation-return flow was
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measured have a combined annual streamflow of 77,000
acre-ft. Assuming a mean dissolved-solids concentration of
1,300 mg/L, the combined annual dissolved-solids load at
these sites may be estimated as 136,000 tons. Therefore, the
annual dissolved-solids load in measured flow from the Grand
Valley is about 439,000 tons. The total load of dissolved
solids from the Grand Valley irrigation area is larger because
of contributions from ungaged irrigation-return flows and
from seepage directly into the Colorado River. Estimates of
the mean annual dissolved-solids load from the Grand Valley
unit include 497,000 tons, of which 441,000 tons was
attributed to agriculture (Iorns and others, 1965), and
580,000 tons (U.S. Bureau of Reclamation, 1985a).

Colorado River near Colorado-Utah State line (site 18)

The streamflow hydrograph for site 18 (table 3, pl. 1)
depicts the cumulative effect of transbasin exports, irrigation-
return flow, and reservoir regulation (fig. 12C). The period
after 1966 depicts a decreased snowmelt-runoff peak and
increased fall and winter flow, mainly due to storage in and
releases from the large reservoirs on the Gunnison River.
Mean annual streamflow averaged about 4.3 million acre-ft
and dissolved-solids load averaged about 3.4 million tons
(table 5). During the snowmelt season, calcium, sulfate, and
bicarbonate are the prodominant ions. During the low-flow
season, calcium, sodium, and sulfate predominate. Increased
dissolved-solids concentration during September and Octo-
ber, when the proportion of dissolved sulfate is largest,
indicates the presence of irrigation-return flow. Proportions
of dissolved sodium and chloride, which are more indicative
of natural base-flow contributions, are largest from January
through March. The period of record (1962-83) includes four
years of data prior to completion of Blue Mesa Dam.

Annual monotonic-trend analysis indicated a marginally
significant decrease in median annual dissolved-solids con-
centration of 11.2 mg/L per year and a highly significant
decrease in median annual flow-adjusted concentration of 4.8
mg/L per year (table 6). During the period of record, these
trends represent a 34-percent decrease in median annual
dissolved-solids concentration and a 16-percent decrease in
median annual flow-adjusted concentration. Flow-adjusted
concentration of every constituent except dissolved chloride
decreased significantly. These trends correspond with the
decreases detected after 1965 in the Gunnison subregion,
which does not contribute large quantities of dissolved
chloride to the Colorado River.

San Miguel River at Uravan, Colo. (site 19)

The streamflow hydrograph for site 19 (table 3, pl. 1)
shows a flattening of the snowmelt-runoff peak caused by
diversions for irrigation (fig. 12D). Chemical composition
of dissolved solids is predominantly dissolved sulfate (fig.
7). Dissolved sodium and chloride are present only in minor
proportions. Calcium, bicarbonate, and sulfate are the
predominant ions during the snowmelt season, and calcium

and sulfate are predominant in base flow. Although a large
area is irrigated upstream from the site, the area is not
underlain by Mancos Shale; therefore, the dissolved-solids
concentration at site 19 is not high and averaged about 330
mg/L during 1974-79 (table 5).

Dolores River near Cisco, Utah (site 20)

The streamflow hydrograph for site 20 (table 3, pl. 1)
is similar to the hydrograph for site 19 (fig. 12E). Streamflow
at site 20 is depleted by irrigation in the San Miguel River
basin and by diversions to the Montezuma Valley. The mean
annual concentrations of major constituents is about the same
as that for site 19, except for much higher concentrations
of dissolved sodium and chloride. Calcium and bicarbonate
are the predominant ions during the snowmelt season.
Sodium and chloride are predominant during low streamflow.
Mean monthly dissolved-solids concentration often exceeds
2,000 mg/L.

Of the 362,000 tons of dissolved solids contributed
annually by the Dolores River, excluding the San Miguel
River, 223,000 tons is dissolved sodium and chloride. Almost
all of this contribution may be attributed to dissolution from
salt anticlines, primarily where the Dolores River crosses
Paradox Valley. Other estimates of the mean annual
dissolved-solids load contributed by Paradox Valley are
200,000 tons (U.S. Forest Service and others, 1976) and
205,000 tons (U.S. Department of the Interior, 1985). A
minor but concentrated source of salt loading to the Dolores
River is Salt Creek, which drains the Sinbad Valley anticline.
The low-flow dissolved-solids concentration at a site on Salt
Creek near Gateway, Colo., is 40,000 mg/L, of which 92
percent is dissolved sodium and chloride. The Dolores River
contributes 8.7 percent of the dissolved sodium load and 18.6
percent of the dissolved chloride load leaving the Upper
Colorado River Basin.

Annual monotonic-trend analysis for the period of
record, 1952-83, indicated highly significant increases in
median annual dissolved-solids load of 4,990 tons/yr and
median annual flow-adjusted concentration of 4.7 mg/L per
year (table 6). These trends represent a 46-percent increase
in median annual dissolved-solids load and a 24-percent in-
crease in median annual flow-adjusted concentration during
the 32-year period. The increase in flow-adjusted concen-
tration primarily consisted of sodium and chloride, indicating
the source might be loading from the salt anticlines. Testing
of brine wells in the Paradox Valley during 1978-83 may
have contributed to this increase in loading, because the
brine, which was pumped into storage ponds, seeped into
the Dolores River. Climatic variation also may have been
a factor. The 2 years with the highest annual streamflow and
dissolved-solids loads (1972 and 1983) occurred during the
last 11 years of the 33-year period of record. The 2 years
with the highest dissolved-solids concentrations and very low
annual streamflow (1977 and 1981) also occurred toward the
end of the period of record.
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Colorado River near Cisco, Utah (site 21)

Site 21 (table 3, pl. 1) is the farthest downstream site
in the Grand region. The streamflow hydrograph for this site
depicts the progressive depletion and regulation of flow in
the Grand region since streamflow-gaging records began in
1914 (fig. 12F). Since 1966, mean annual streamflow has
averaged about 4.8 million acre-ft and mean annual
dissolved-solids load has averaged about 3.7 million tons
(table 5). Chemical composition is affected by irrigation-
return flows from Mancos Shale areas, such as the Grand
Valley, and inflow from the saline springs in the Dotsero-
Glenwood Springs area and the Dolores River basin. Dur-
ing snowmelt runoff, calcium, sulfate, and bicarbonate are
the predominant ions; during base flow, sodium and sulfate
predominate. Because of inflow from the Dolores River, the
proportion of chloride is larger at site 19 than at site 18
upstream.

The period of record was separated into three inter-
vals: A preintervention period (1929-49), a middle period
(1950-65), and a postintervention period (1966-83). The
intervals were divided based on construction of the Alva B.
Adams Tunnel/Lake Granby (1950, when full operation of
the project began) and Blue Mesa Reservoir (1966). Annual
step trends resulting from Alva B. Adams Tunnel/Lake
Granby between 1929-49 and 1950-65 indicated a signifi-
cant decrease in dissolved-solids load of 594,000 tons/yr
(table 4). This decrease was 14 percent of the preinterven-
tion median. The loads of dissolved sulfate, bicarbonate, and
sodium decreased during the snowmelt season, and the
dissolved chloride load decreased during the low-flow season.
Annual step-trend analysis, for changes resulting from Blue
Mesa Reservoir between the periods 1950-65 and 1966-83,
detected no significant changes in annual medians, except
for a decrease in dissolved-sulfate load of 137,000 tons/yr.
Monthly step trends indicated that from September through
March, streamflow increased and dissolved-solids concen-
tration decreased, probably due to increased reservoir regula-
tion (fig. 13).

Annual monotonic trends were analyzed for the three
intervals at site 21. For the preintervention period, increased
streamflow and decreased dissolved-solids concentration
were detected during the low-flow season. These trends cor-
responded to trends detected at sites 5 and 10 and probably
are from winter releases from Green Mountain and Taylor
Reservoirs. No statistically significant annual trends were
detected for the preintervention and middle periods. For the
postintervention period, a marginally significant decrease in
median annual flow-adjusted concentration of 2.9 mg/L per
year was detected (table 6). This trend represents a 9-percent
decrease in the median annual flow-adjusted concentration
during the 18-year period (1966-83) and corresponded to
similar decreases in the Gunnison River subregion.

SITE 21
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-30,000 L 1 L 1 i L 1 1 1 L 1
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B Highly significant (p <0.01)
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Y Significant (0.01< p <0.05)
V7 Marginally significant (0.05<p<0.10)
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Figure 13. Step trends at site 21 (Colorado River near Cisco,
Utah) from 1950-65 to 1966—83.

General Trends in the Grand Region

Annual streamflow in the Grand region has been
progressively depleted by transbasin exports. Exports and
reservoir regulation have decreased streamflow during the
snowmelt-runoff season, and slightly increased streamflow
during the winter along the main stems of the Colorado and
Gunnison Rivers.

Annual step-trend analysis indicated decreases in
streamflow in the Grand region. The Alva B. Adams Tunnel/
Lake Granby export, which is the largest depletion in the
entire Upper Colorado River Basin, was the probable cause
of changes in streamflow and dissolved-solids concentration
at site 5 (Colorado River near Glenwood Springs, Colo.) and
changes in streamflow and dissolved-solids load at site 10
(Colorado River near Cameo, Colo.). The filling of Blue
Mesa Reservoir decreased the monthly variability of stream-
flow, dissolved-solids concentration, and dissolved-solids
load in the Gunnison River and may have contributed to
decreasing annual monotonic trends in concentration and
load. Significant decreases in dissolved-solids concentration
and load also were detected in the Eagle River basin.
Dissolved-solids load, mainly dissolved sodium and chloride,
increased in the Dolores River basin. Annual step trends at
the most downstream site in the Grand Region (site 21, Colo-
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rado River near Cisco, Utah) indicated a decrease in
dissolved-solids load associated with initiation of the Alva
B. Adams Tunnel/Lake Granby exports, and annual mono-
tonic trends indicated a recent decrease in median annual
flow-adjusted dissolved-solids concentration, which may be
related to the trends in the Eagle and Gunnison Rivers.

Green Region

Most of the flow of the Green River in the Green region
originates on the western slope of the Rocky Mountains in
Colorado and Wyoming. The drainage area of the Green
region is about 45,000 mi2 and occupies parts of Colorado,
Wyoming, and Utah (pl. 1). The Green region contains about
4] percent of the total drainage area of the Upper Colorado
River Basin and contributes 39 percent of the streamflow and
34 percent of the dissolved-solids load. Compared to the
streamflow at Lees Ferry, Ariz., water of the Green region
has relatively high concentrations of dissolved magnesium
and bicarbonate and low concentrations of dissolved chloride,
resulting from the predominance of Tertiary rocks. The major
tributaries in the Green region are the New Fork, Big Sandy,
Yampa, Duchesne, White, Price, and San Rafael Rivers, and
the Blacks Fork and Henrys Fork.

Data for 36 sites were evaluated in the Green region
(pl. 1). Long-term mean annual runoff, streamflow,
dissolved-solids concentrations and loads, and major-
constituent loads were determined at each of these sites
(table 7). The chemical composition of streamflow at selected
sites in the Green region is shown in figure 14. Selected
annual monotonic-trend-analysis results for the Green region
are listed in table 8. For purposes of discussion, the Green
region was divided into four subregions: the upper Green,
the middle Green, the White, and the lower Green (pl. 1).

Upper Green Subregion

The upper Green subregion includes all of the drainage
area upstream from the streamflow-gaging station on the
Green River near Greendale, Utah, exclusive of the Great
Divide basin. The major drainages in the upper Green
subregion include the New Fork and Big Sandy Rivers, and
Blacks Fork, Hams Fork, and Henrys Fork and tributaries.
About 200,000 acres is irrigated upstream from La Barge,
Wyo., including large tracts along the Green River in the
vicinity of Pinedale, Wyo., along the New Fork River
(62,000 acres), and in the Piney Creek basin. A number of
small reservoirs store water in the New Fork River basin.

The Big Sandy River begins in the southern Wind River
Range, in central Wyoming, but most of its drainage basin
is very arid. The Eden Valley Project to supply irrigation
water was begun in 1950 and completed in 1960. Some
20,000 acres is irrigated in the basin, and water is stored
in Big Sandy and Eden Valley Reservoirs. The average grow-

ing season lasts only 90 days. The agricultural area is
underlain by the Laney Member of the Green River Forma-
tion. Shallow aquifers annually discharge an estimated
116,000 tons of dissolved solids from saline seeps into the
Big Sandy River (U.S. Department of the Interior, 1985).

About 76,000 acres is irrigated in the Blacks Fork
basin. The basin contains numerous reservoirs. The largest
is Viva Naughton Reservoir on Hams Fork, with a capacity
of about-42,000 acre-ft. Most of the irrigated land is on the
Blacks Fork and Smiths Fork, upstream from site 31. About
9,000 acres is irrigated in the Henrys Fork basin, which con-
tains numerous small lakes and reservoirs. In the Blacks Fork
and Henrys Fork basins, irrigation is on alluvium underlain
by the Tertiary Bridger Formation.

Fontenelle Reservoir, on the Green River between the
towns of La Barge and Fontenelle, Wyo., was built to pro-
vide storage for irrigation water; however, the purpose of
the reservoir was changed to supply water for the anticipated
energy development in the area. The reservoir has inundated
outcrops of the Laney Member and the Wilkins Peak Member
of the Green River Formation. In 1960, substantial deposits
of trona (sodium carbonate and sodium bicarbonate) were
found in the area later inundated by the reservoir. In 1983,
the reservoir was drained because of concern caused by
observations of unstable conditions, including seepage around
the left abutment caused by cavernous dissolution.

Flaming Gorge Reservoir was completed in 1964 and
has a capacity of 3.8 million acre-ft. It is the second largest
reservoir in the Upper Colorado River Basin and is located
on the Green River between Green River, Wyo., and Green-
dale, Utah. Filling began in November 1962, and very little
water was released from the reservoir during the 1963 water
year. The reservoir was two-thirds full by the end of 1965,
but it did not reach 90 percent of capacity until 1972. Flam-
ing Gorge Reservoir also has inundated outcrops of the Laney
Member of the Green River Formation. A chemocline
developed during the first few years of operation, produc-
ing a stable saline layer in the bottom of the reservoir. The
chemocline began to diminish following the conversion to
a selective withdrawal operation in 1978 (Miller and others,
1983). During the high-flow year of 1983, the low gates were
opened, and the saline water was flushed out of the reservoir.

Green River at Warren Bridge, near Daniel, Wyo. (site 22)

The streamflow hydrograph for site 22 (table 3, pl. 1)
shows a well-defined snowmelt-runoff peak during June and
a period of steady base flow (fig. 154). The predominant
ions are calcium and bicarbonate during the snowmelt-runoff
season and calcium and sulfate during the base-flow season.
Mean annual runoff averages 15.3 in., and the mean annual
flow-weighted dissolved-solids concentration is 147 mg/L
(table 7). During 1962-82, annual monotonic-trend analyses
indicated a significant decrease in median annual dissolved-
solids load of 615 tons/yr (table 8), mostly as a result of
decreases in dissolved calcium and bicarbonate. During the
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Figure 14. Mean chemical composition of dissolved solids at selected sites in Green region. Cations on left, anions

on right.

21-year period of record, this trend represents a 15-percent
decrease in the median annual dissolved-solids load.
However, dissolved-solids concentration and flow-adjusted
concentration did not change significantly.

New Fork River near Big Piney, Wyo. (site 23)

Site 23 (table 3, pl. 1) has a larger drainage area and
greater annual streamflow than site 22 (fig. 15B); however,
mean annual runoff at site 23 (8.7 in.) is less than at site
22. Even though site 23 is downstream from a large agri-
cultural area, the mean annual flow-weighted concentration
of dissolved solids (80 mg/L) is about half of that at site 22
(table 7). The predominant ions are calcium and bicarbonate,
and chemical composition is relatively constant throughout
the year. No statistically significant trends were detected dur-
ing 1966-83.

Green River near La Barge, Wyo. (site 24)

The predominant ions at site 24 (table 3, pl. 1) are
calcium and bicarbonate throughout the year, although the
proportion of dissolved sulfate increases during the low-flow
season (fig. 14). Concentrations of dissolved sodium and
chloride are very low. No statistically significant trends were
detected during 1964-81.

Green River below Fontenelle Reservoir, Wyo. (site 25)

Site 25 (table 3, pl. 1) is located 1 mi downstream from
Fontenelle Dam. Streamflow was regulated by releases from
the reservoir from 1964 to 1983, except from September
1965 through November 1967, when the reservoir was
drained to repair a leak. Reservoir regulation decreased
streamflow from May through July and increased streamflow
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Table 8. Selected annual monotonic-trend-analysis results—Green region
[Stations with less than 10 years of dissolved-solids data are not reported; n, number of years of dissolved-solids data; acre-ft/yr, acre-feet per
year; mg/L, milligrams per liter; tons/yr, tons per year; HS, highly significant (p < 0.01); S, significant (0.01 < p < 0.05); MS, marginally significant

(0.05 < p < 0.10); - -, not significant (p > 0.10)]

Annual trend in dissolved solids

Site Period Annual trend Flow-adjusted
(table of in streamflow Concentration Load concentration
3, record $ignif- Trend signif_Trend Per- $ignif- Trend Per- §ignif- Trend Per-
plate (water »n icance (acre- g1 icance o7y (1 icance (tons/ atl icance ooy centd
1) years) level ft/yr) cen level ‘"8 cen level yr) ce level 8
22 1962-82 220 -- -- -- -- -- -- S -615 15 -- -- --
23 1966-83 18  -- - -- . aa - — - - - --
24 1964-81 18 -- -- -- -- -- -- -- -- -- -- -- --
25 1968-83 16 -- -- -- -- -- -- -- -- -- -- -- --
27 1962-80 218 MS 1,140 79 -- - - S 1,740 53 s 13.9 17
30 1952-63 12  -- - - -- - - MS -15,600 34 -- -- --
30  1964-83 20  -- . - - - -- — - - -- --
31  1963-83 21 -~ R - -— - -- - - -- -- --
32 1955-83 228  -- -- -- -- -- -- -- -- -- S 3.1 16
33 1955-83 228  -- - - HS -9.4 41 -- -- -- HS -5.0 20
34 1965-83 19  -- - - - - -- -~ - - -- --
38 1951-83 33  -- - - HS 9 21 S 3,380 65 HS 1.2 29
40 1951-83 33 S 6,440 71 - -- -- MS 1,310 50 -- -- --
41  1962-83 22  -- - - -- - - -- — - -- - -
43 1957-83 27  -- -— - -- — - -- -— - -- - --
44 1974-83 10 -- - - - -~ - -- -~ - HS -3.5 12
45  1971-83 13  -- -- -- -- -- -- -- -- -- -- -- --
46  1971-83 13  -- - - HS -44.1 34 -- - - MS  -24.2 20
50 1951-68 18  -= - -- -- -- -- -- -~ - -- -- --
50 1969-83 15 == - -- -- -- -- -- -~ - -- -- --
53 1949-83 231 -- -- -- S -33.2 37 -- -- -- HS -23.1 28
54 1929-62 34 - - - -- - a- -- - - -- -- -
54 1965-83 19  -- - a- .- - -- - - -- -- -- --
57  1947-83 37 -- - -- -- - - -- - - -- -- --
lpercent change during period of record.
20ne or more years of data are missing within the period of record. Percentage changes are

calculated on the entire period.

from August through March (fig. 15C). The dissolved-solids
concentration is less variable than at site 24; calcium and
bicarbonate are the predominant ions throughout the year.
Flow-weighted dissolved-solids concentration and load are
greater than at site 24, and there is a larger sulfate load. No
statistically significant trends were detected during 1968-83.

Little Sandy Creek above Eden, Wyo. (site 26)

Mean daily streamflow at three sites in the Big Sandy
River basin are shown in figure 15D. The streamflow hydro-
graph for site 26 (table 3, pl. 1), upstream from the irrigated
area, indicates snowmelt beginning in April and peaking in
June, and very low streamflow from August through Feb-
ruary. Dissolved-solids concentration was relatively small,
even during the low-flow season, and the flow-weighted con-
centration averaged about 146 mg/L during 1976-81 (table
7). Calcium, sodium, and sulfate are the predominant ions
throughout the year, and bicarbonate also is a predominant
anion during the snowmelt-runoff season. The proportion of

dissolved sulfate increased during the low-flow season. No
trends were analyzed at this site because of the short period
of record.

Big Sandy River below Eden, Wyo. (site 27)

Mean daily streamflow at site 27 (table 3, pl. 1) is much
larger than at site 26 because of the larger drainage area;
however, the seasonal pattern is remarkably different (fig.
15D). Beginning about May, snowmelt runoff is diverted
almost totally for irrigation; irrigation-return flows dominate
during the remainder of the year. Mean annual flow-weighted
dissolved-solids concentration is large; during 1962-80, it
averaged 1,510 mg/L (table 7). Annual dissolved-solids load
averaged about 82,000 tons. Sodium and sulfate composed
76 percent of the dissolved-solids load.

Annual monotonic-trend analyses indicated a marginal-
ly significant increase in median annual streamflow of 1,140
acre-ft/yr (table 8). Median annual dissolved-solids load
increased significantly, as a result of large increases in base
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flow during September through February. Median annual
dissolved-solids load significantly increased by 1,740 tons/yr,
and median annual flow-adjusted concentration significant-
ly increased by 13.9 mg/L per year. These increases repre-
sent a 79-percent change in median annual streamflow, a
53-percent change in median annual load, and a 17-percent
change in median annual flow-adjusted concentration dur-
ing the period of record. Based on the monthly time series
of streamflow and dissolved-solids load, irrigation-return
flows increased until about 1966 and since then have re-
mained relatively stable.

Big Sandy River at Gasson Bridge, near Eden, Wyo. (site 28)

Site 28 (table 3, pl. 1) is about 10 mi downstream from
site 27. Streamflow is similar at the two sites but averages
21 ft3/s greater at site 28 (fig. 15D) because of irrigation-
return flows that enter the stream by seepage through shallow
aquifers. Mean annual dissolved-solids load increased from
82,000 tons at site 27 to 163,000 tons at site 28 (table 7).
Dissolved sodium and sulfate composed 82 percent of the
increased dissolved-solids load. The mean annual dissolved-
sulfate load of 100,000 tons almost equaled the dissolved-
sulfate load of the Green River at site 25, with a drainage
area of 4,280 mi2, compared to only 1,720 mi? at site 28.

Bitter Creek above Salt Wells Creek, near Salt Wells, Wyo. (site 29)

The headwaters of Bitter Creek are not in a moun-
tainous region but are in a semiarid area along the southwest
border of the Great Divide Basin. Consequently, streamflow
of Bitter Creek at site 29 (table 3, pl. 1) has only a modest,
early snowmelt-runoff season (fig. 15F). The stream dries
up during the summer, except after thunderstorms, which
produce short, intense flood peaks. Thunderstorms decrease
as the weather cools during September, and the creek general-
ly is dry through the winter months. The flow-weighted
dissolved-solids concentration averaged about 1,300 mg/L
during 1977-81 (table 7). Chemical composition, as in the
Big Sandy River, is predominantly sodium and sulfate dur-
ing all seasons. The proportions of dissolved sodium and
chloride are larger and the proportions of dissolved calcium
and sulfate are smaller than in Big Sandy River. There is
no significant water use upstream from site 29. Downstream
from the site, Salt Wells Creek converges with Bitter Creek,
increasing streamflow and dissolved-solids concentration
before the creek empties into the Green River. Lowham and
others (1982) described the water chemistry of Salt Wells
Creck in detail. They reported that the dissolved-solids con-
centration ranges from 100 mg/L in the headwaters to 3,000
mg/L near the mouth.

Green River near Green River, Wyo. (site 30)

Site 30 (table 3, pl. 1) is about 50 mi downstream from
Fontenelle Dam, 0.1 mi downstream from Bitter Creek, and
4 mi upstream from the high-water line of Flaming Gorge
Reservoir. Samples for water-quality analyses are collected

upstream from the streamflow-gaging station and Bitter
Creek. The seasonal pattern of streamflow has been altered
slightly by regulation of flow at Fontenelle Reservoir (fig.
15F). The predominant ions are calcium and bicarbonate dur-
ing the snowmelt-runoff season (May through August).
Calcium, sodium, and sulfate predominate during the re-
mainder of the year. The flow-weighted dissolved-solids con-
centration averaged 309 mg/L during 1964-83 (table 7).

The site was evaluated for annual step trends caused
by Fontenelle Dam. The period of record was separated into
preintervention (1952-63) and postintervention (1964-83)
periods. The postintervention period generally has had larger
streamflow, but because of the variability from year to year,
the annual step trend in streamflow was not significant. The
step-trend analysis indicated a significant increase in annual
dissolved-solids load of 118,000 tons, a 26-percent change
from the preintervention median load (table 4). Most of this
increase was attributable to changes in sodium and sulfate
loads, possibly from dissolution of minerals from the bank
material of Fontenelle Reservoir and from increased
dissolved-solids loads from the Big Sandy River. Monthly
step trends indicated that streamflow and dissolved-solids
load increased during the low-flow season because of releases
from Fontenelle Reservoir (fig. 16). However, tl?ey did not
decrease during the high-flow season because of the generally_
larger flows during the postintervention period, especially
during 1983.

For the preintervention period, annual monotonic-trend
analyses indicated a marginally significant decrease in
dissolved-solids load of 15,600 tons/yr. This trend represents
a 34-percent decrease in the median annual load during the
12-year period. This trend may be related to climate; several
years of high streamflow occurred early in the period. No
statistically significant annual monotonic trends were detected
for the postintervention period.

Blacks Fork near Lyman, Wyo. (site 31)

Blacks Fork, upstream from site 31 (table 3, pl. 1),
drains the northern slopes of the Uinta Mountains (fig. 2).
Despite large tracts of irrigated land, flow regulation was
not begun until late 1981 (Meeks Cabin Dam), and the
streamflow hydrograph indicates a well-defined snowmelt-
runoff peak during June (fig. 15G). The flow-weighted
dissolved-solids concentration averaged 697 mg/L during
1963-83 (table 7). The predominant ions are sodium and
sulfate throughout the year. Dissolved sodium and sulfate
compose 70 percent of the dissolved-solids load during the
low-flow season. This chemical composition is affected by
return flow from irrigated land underlain by Cretaceous and
Tertiary shale. No statistically significant trends were in-
dicated for the period of record.

Blacks Fork near Little America, Wyo. (site 32)

The streamflow at site 32 (table 3, pl. 1) includes the
streamflow at site 31 plus the streamflow of Hams Fork and
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Muddy Creek. Chemical composition is similar at sites 31
and 32 except that concentrations of dissolved sodium and
sulfate are higher at site 31. Hams Fork and Muddy Creek
dilute the dissolved-solids concentration downstream from
site 31, resulting in a flow-weighted mean of 580 mg/L at
site 32 during 1955-83 (table 7). The predominant ions are
calcium and bicarbonate during the high-flow season (May
and June) and sodium and sulfate during the low-flow season.

Annual monotonic-trend analyses indicated a signifi-
cant increase in flow-adjusted concentration of 3.1 mg/L per
year (table 8). This represents a 16-percent increase in the
median annual flow-adjusted concentration during the period
of record.

Henrys Fork near Manila, Utah (site 33)

Henrys Fork, like Blacks Fork upstream from site 31,
drains the northern slopes of the Uinta Mountains. However,
it does not have large tracts of irrigated agriculture. The
streamflow hydrograph for site 33 (table 3, pl. 1) shows a
modest snowmelt-runoff peak, which has a long period of
sustained base flow (fig. 15G). Mean annual flow-weighted
dissolved-solids concentration averaged 616 mg/L (table 7);
the predominant ions are calcium and sulfate throughout the
year. The water of Henrys Fork has a larger proportion of
dissolved calcium and magnesium than the water of Blacks
Fork and has a smaller proportion of dissolved sodium and
chloride.

Annual monotonic-trend analyses indicated highly
significant decreases in dissolved-solids concentration and
flow-adjusted concentration during 1955-83. Median annual
concentration decreased by 9.4 mg/L per year, and median
annual flow-adjusted concentration decreased by 5.0 mg/L
per year (table 8). These trends represent a 41-percent
decrease in median annual concentration and a 20-percent
decrease in median annual flow-adjusted concentration dur-
ing the period of record.

Green River near Greendale, Utah (site 34)

Site 34 (table 3, pl. 1) is 0.5 mi downstream from Flam-
ing Gorge Reservoir. Flow of the river has been completely

Figure 15. Mean daily streamflow at selected-sites in upper
Green subregion of Green region. A, Site 22, Green River at War-
ren Bridge, near Daniel, Wyo. B, Site 23, New Fork River near
Big Piney, Wyo. C, Site 24, Green River near La Barge, Wyo.,
and site 25, Green River below Fontenelle Reservoir, Wyo. D,
Site 26, Little Sandy Creek above Eden, Wyo., site 27, Big Sandy
Creek below Eden, Wyo., and site 28, Big Sandy River at Gasson
Bridge, near Eden, Wyo. E, Site 29, Bitter Creek above Salt Wells
Creek, near Salt Wells, Wyo. F, Site 30, Green River near Green
River, Wyo. G, Site 31, Blacks Fork near Lyman, Wyo., site 32,
Blacks Fork near Little America, Wyo., and site 33, Henrys Fork
near Manila, Utah.

controlled since filling of the reservoir began in November
1962. Prior to November 1962, the snowmelt-runoff peak
was larger and somewhat earlier than the peak upstream at
site 20 because of snowmelt inputs from the Blacks Fork and
Henrys Fork basins. Since the initial filling period, seasonal
variability has decreased (fig. 17). Mean daily streamflow
is almost constant throughout the year; slight increases oc-
cur during late summer when excess storage is released and
during the winter when the power demand is greater.
Releases generally range between 1,000 and 4,500 ft3/s.
Large releases occurred during 1983 and 1984, when the
spillway was used to prevent overflow of the dam. Dissolved-
solids concentration at site 34 is remarkably constant, and
calcium and sulfate are the predominant ions throughout the
year. Prior to streamflow regulation, calcium and bicarbonate
predominated during the high-flow season, and calcium,
sodium, and sulfate predominated during the low-flow
season.

The period of record was divided into a preintervention
period (1957-62) and a postintervention period (1965-83),
based on the initial filling of Flaming Gorge Reservoir. An-
nual step trends were highly significant for dissolved-solids
concentration (112 mg/L) and significant for dissolved-solids
load (346,000 tons). These trends represent a 29-percent in-
crease from the preintervention median concentration and
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Figure 16. Step trends at site 30 (Green River near Green River,
Wyo.) from 1952-63 to 1964-83.
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Figure 17. Daily streamflow at site 34 (Green River near Greendale, Utah) before and after the initial filling
of Flaming Gorge Reservoir. A, Mean daily streamflow. B, Daily streamflow for selected non-exceedance
probabilities before initial filling. C, Daily streamflow for selected non-exceedance probabilities after initial filling.

a 55-percent increase from the preintervention median load
(table 4). The increase in dissolved-solids load may have been
caused by several factors, including an increase in streamflow
between the two periods and an increase in dissolved-solids
loading upstream. At site 30, just upstream from Flaming
Gorge Reservoir, median annual dissolved-solids loading in-
creased by 118,000 tons at approximately the same time.
Dissolution of minerals from the reservoir bank material is
another potential source of increased dissolved-solids load.
The net dissolved-solids load added from dissolution of bank
material has been estimated to be 1.59 million tons during
1963-72, an annual average of 159,000 tons (Madison and
Waddell, 1973; Bolke and Waddell, 1975). Because most
of the increase was dissolved sulfate, the primary mineral
involved was believed to be gypsum.

The preintervention period was not evaluated for annual
monotonic trends because of the short period of record. No
statistically significant annual monotonic trends were indi-
cated during the postintervention period.

Middle Green Subregion

The middle Green subregion includes the Yampa River
basin and tributaries and all the tributaries to the Green River
between Greendale, Utah, and the confluence with the White
River. About 7,100 acre-ft/yr is exported from the Little
Snake River through the Cheyenne Diversion to supply water
to the city of Cheyenne, Wyo. (table 1). It is the only trans-

basin export from the Colorado River basin in Wyoming.
About 65,000 acres is irrigated upstream from Maybelli,
Colo., and about 21,000 acres is irrigated along the Little
Snake River. Large deposits of coal are mined from
Cretaceous deposits in the Yampa River basin. Surface mines
are active along Trout Creek, Foidel Creek, Williams Fork,
Wilson Creek, and along the southern side of the Yampa
River between Steamboat Springs and Hayden, Colo. Much
of the basin contains outcrops of the coal-bearing Mesaverde
Group (Williams Fork and Iles Formations) and Mancos
Shale. Coal-fired powerplants near Hayden and Craig, Colo.,
use about 13,000 acre-ft of water per year from the Yampa
River.

Steinaker Reservoir provides late-season irrigation
water for about 15,000 acres around Vernal, Utah. About
175,000 acres is irrigated in the Duchesne River basin. Since
1969, Starvation Reservoir on the Strawberry River has pro-
vided water for late-season irrigation near the town of
Duchesne, Utah. In addition to the Strawberry River inflow,
water from the Duchesne River is diverted into Starvation
Reservoir. Moon Lake stores water for late-season irriga-
tion of about 75,000 acres near the mouths of the Lake Fork
and Uinta Rivers. The Strawberry and Duchesne Tunnels
export water west to the Salt Lake City-Provo area in the
Great Basin. Water for diversion through the Strawberry
Tunnel has been supplied by Strawberry Reservoir since
1913. Some water from the upper Duchesne River basin is
diverted into Strawberry Reservoir, and minimal water is
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released from the reservoir into the Strawberry River. As
part of the Central Utah Project, the reservoir was enlarged
in 1973 to a capacity of 1.1 million acre-ft (table 2).
However, the remainder of the project has not been com-
pleted, and the reservoir had not been filled by 1983.

Vermillion Creek near Hiawatha, Colo. (site 35)

Vermillion Creek drains an arid, geologically diverse
area before emptying into the Green River in the northwest-
ern corner of Colorado. Site 35 (table 3, pl. 1) has about
one-third the streamflow of Vermillion Creek near its mouth,
but the dissolved-solids concentrations are similar. Stream-
flow at site 35 is characterized by a small snowmelt-runoff
peak, occasional flash floods, and minimal or no flow dur-
ing the remainder of the year. Mean annual flow-weighted
dissolved-solids concentration averages 921 mg/L (table 7).
Sodium and sulfate are the predominant ions. Concentration
and chemical composition do not vary greatly throughout the
year.

Yampa River below diversion, near Hayden, Colo. (site 36)

Streamflow at site 36 (table 3, pl. 1) averages about
700,000 acre-ft/yr (table 7) and primarily is composed of
snowmelt runoff that has minimal dissolved solids. The mean
annual flow-weighted dissolved-solids concentration is 90
mg/L. Calcium and bicarbonate are the predominant ions
throughout the year. Water from the Elk River, which drains
the virtually insoluble Precambrian rocks of the Park Range,
dilutes the dissolved-solids concentration of the Yampa River
upstream from Hayden, Colo.

Wilson Creek near Axial, Colo. (site 37)

Wilson Creek is a tributary to Milk Creek and drains
a small area underlain principally by the Williams Fork For-
mation. The streamflow hydrograph for site 37 (table 3, pl.
1) is characterized by a sharp snowmelt-runoff peak in mid-
May that is unaffected by reservoirs or diversions (fig. 184).
Although the total runoff from the drainage basin is small,
base flow is rather constant. The mean annual flow-weighted
dissolved-solids concentration is 787 mg/L (table 7), pre-
dominantly as magnesium and sulfate. The proportions of
dissolved sodium and chloride are larger than in the main-
stem waters of the Yampa River at site 36. During the high-
flow season, the concentrations of magnesium, calcium,
sodium, bicarbonate, and sulfate are approximately equal.
The proportions of sodium, sulfate, and, notably, magnesium
increase during the low-flow season. Brine disposal from oil-
drilling operations in the upper part of the drainage basin
may have contributed substantial quantities of dissolved solids
to the stream (Turk and Parker, 1982).

Yampa River near Maybell, Colo. (site 38)

The mean annual streamflow of the Yampa River at
site 38 (table 3, pl. 1) exceeds 1 million acre-ft/yr (table 7).
A large snowmelt-runoff peak occurs during May and June,

followed by a long period of steady base flow (fig. 18B).
Compared to the Yampa River at site 36, streamflow is 54
percent larger and mean annual dissolved-solids load is 162
percent larger, the increase principally being dissolved
sulfate, bicarbonate, and calcium. The mean annual flow-
weighted dissolved-solids concentration is 152 mg/L (table
7). Calcium and bicarbonate are the predominant ions dur-
ing the high-flow season, and calcium, sodium, and bicar-
bonate predominate during the low-flow season.

For 1951-83, annual monotonic-trend analyses indi-
cated highly significant increases in median annual dissolved-
solids concentration of 0.9 mg/L per year and in median
annual flow-adjusted concentration of 1.2 mg/L per year.
Trends indicated a significant increase in median annual
dissolved-solids load of 3,380 tons/yr (table 8). These in-
creases represent a 21-percent change in median annual
dissolved-solids concentration, a 29-percent change in flow-
adjusted concentration, and a 65-percent change in dissolved-
solids load during the 33-year period of record. Highly
significant increasing trends were determined for annual
flow-adjusted concentrations of magnesium, sodium, and
sulfate. Flow-adjusted concentration increased significantly
during all months except April and August.

Torns and others (1965) reported that although contribu-
tions from rocks of Cretaceous and Tertiary age in the Yampa
River basin had large proportions of dissolved magnesium,
sodium, and sulfate, the dissolved-solids concentration of the
river increased only moderately because the volume of runoff
was small. These same constituents have increased flow-
adjusted concentrations for site 38. The major land-use
change in the Yampa River basin has been the expansion of
coal-resource development since the early 1960’s (Steele and
others, 1979). Both gypsum, a sulfate mineral, and pyrite,
which produces sulfate during oxidation, occur in the spoils
of surface-mined coal. Turk and Parker (1982) reported that
a principal effect of coal mining may be an increase in the
relative concentration of dissolved sulfate in surface water.
Increases in dissolved-solids and dissolved-sulfate concen-
trations at site 38 are moderately small, but they are signifi-
cant. The proportion of dissolved sulfate increased from
about 24 to 36 percent during 1951-83. The increase may
have been caused by leaching of soluble minerals from spoils
and disturbed lands. McWhorter and others (1975) reported
that the dissolved-solids load from spoils at the Edna Mine
in Colorado was 10 times greater than that produced upstream
along Trout Creek. Runoff from spoils in the Yampa River
basin produces three to six times the runoff from undisturbed
land, and springs have been observed at the toe of spoils,
changing intermittent streams into perennial streams. A
typical spoils pile may yield annually 3 to 5 inches of runoff
having a dissolved-solids concentration of 1,500 to 2,500
mg/L (R.S. Williams, U.S. Geological Survey, oral com-
mun., 1985). Warner (in Steele and Hillier, 1981) reported
that leachate from spoils could produce a slow spread of
degraded ground water throughout a period of decades.
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Figure 18. Mean daily streamflow at selected sites in middle Green subregion of Green region. A, Site 37,
Wilson Creek near Axial, Colo. B, Site 38, Yampa River near Maybell, Colo. C, Site 40, Little Snake River
near Lily, Colo. D, Site 41, Green River near Jensen, Utah. E, Site 43, Duchesne River near Randlett, Utah.

Little Snake River near Baggs, Wyo. (site 39)

The main fork of the Little Snake River begins in the
mountains, but most of the river basin is in the semiarid
Washakie basin. Site 39 (table 3, pl. 1) has a well-defined
snowmelt-runoff peak, but the river often dries up in late
summer from irrigation depletions. Calcium and bicarbonate
are the predominant ions during March-September; calcium,
sodium, and bicarbonate predominate during the base-flow
months.

Little Snake River near Lily, Colo. (site 40)

The streamflow hydrograph for site 40 (table 3, pl. 1)
shows a well-defined snowmelt-runoff peak, slightly flattened

by irrigation withdrawals (fig. 18C). As at site 39, the river
often dries up during late summer because of irrigation deple-
tions. Mean annual streamflow at site 40 is 403,000 acre-ft,
essentially the same as at site 39, but the mean annual flow-
weighted dissolved-solids concentration increases from 138
mg/L to 195 mg/L between the two sites (table 7). The Little
Snake River merges with the Yampa River downstream from
Maybell, Colo., resulting in an annual streamflow for the
Yampa River of about 1.5 million acre-ft, approximately
equal to the annual streamflow at site 34 on the Green River.
The chemical composition of the Little Snake River at site
40 is principally calcium, sodium, sulfate, and bicarbonate,
which are contributed by the Tertiary formations in the
Washakie basin. During August and September, when
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streamflow is at its minimum, the predominant ions are
sodium and sulfate. The predominant ions are calcium and
bicarbonate during the high streamflow months, April-July.

Annual monotonic-trend analysis for 1951-83 indicated
a significant increase in median annual streamflow of 6,440
acre-ft/yr and a marginally significant increase in median
annual dissolved-solids load of 1,310 tons/yr (table 8).
During the 33 years of record, these increases represent a
71-percent change in median annual streamflow and a
50-percent change in median annual load.

Green River near Jensen, Utah (site 41)

Streamflow at site 41 (table 3, pl. 1) is a mixture of
water released from Flaming Gorge Reservoir and water
from the Yampa River. The decreased seasonal variability
and enhanced low flows since 1962 are shown in figure 18D,
but the figure also shows the substantial input from the
Yampa River during the snowmelt-runoff season. Mean
annual streamflow averages about 3.2 million acre-ft, and
mean annual flow-weighted dissolved-solids concentration
is 341 mg/L (table 7). The Yampa River dilutes the dissolved-
solids concentration of the Green River by about 150 mg/L.
Calcium, bicarbonate, and sulfate are the predominant ions
during the high-flow season. Calcium, sodium; and sulfate
predominate during the low-flow season. The period of
record (1962-83) for dissolved solids coincides with the
period following completion of Flaming Gorge Reservoir.
No statistically significant trends were detected for this
postintervention period.

Duchesne River at Duchesne, Utah (site 42)

Site 42 (table 3, pl. 1) is upstream from most of the
irrigated land in the Duchesne River basin. Streamflow is
depleted by the Duchesne Tunnel and by the diversions to
Starvation Reservoir, which was completed in 1970, a few
months before water-quality sampling was discontinued at
the site. Mean annual flow-weighted dissolved-solids con-
centrations were not large, averaging 189 mg/L during water
years 1962-69 (table 7). Calcium and bicarbonate are the
predominant ions throughout the year. Streamflow at site 42
probably has decreased since 1970, because of offstream
storage in Starvation Reservoir.

Duchesne River near Randlett, Utah (site 43)

Streamflow at site 43 (table 3, pl. 1) near the mouth
of the Duchesne River is greatly depleted by transbasin ex-
ports and by consumptive use for irrigation. A considerable
part of the base flow comes from agricultural return flows
(fig. 18E). Mean annual streamflow is about 43 percent
greater than at site 42, but mean annual dissolved-solids load
increases fivefold, averaging 351,000 tons during 1957-83
(table 7). Streamflow is lowest and dissolved-solids concen-
tration is highest during August through October. The mean
annual flow-weighted dissolved-solids concentration at site
43 is 650 mg/L (table 7). Sodium and sulfate are the predomi-

nant ions most of the year; calcium and bicarbonate also
become predominant during the high flow months (May-
July). Most of the dissolved-solids load, especially dissolved
sodium and sulfate, may be from irrigation-return flow
through the Tertiary Uinta and Duchesne River Formations,
which contain gypsum and other evaporites (Mundorff,
1977). Excess salinity in poorly drained agricultural soils
has been increasing in magnitude in the basin. The dissolved-
solids load at site 43 is the largest source of dissolved solids
in the Green region. Furthermore, a large but unquantified
dissolved-solids load from the lower Duchesne River basin
enters the Green River by means other than the Duchesne
River (Mundorff, 1977).

Because the enlarged part of Strawberry Reservoir
had not been filled by 1983, annual step-trend analyses did
not indicate any statistically significant trends. Annual
monotonic-trend analyses for the entire period of record
(1957-83) also did not indicate any statistically significant
trends.

White Subregion

The White subregion includes a drainage area of about
5,000 mi2. The headwaters of the White River are in the
White River uplift, which is composed primarily of relatively
insoluble Pennsylvanian and Permian rocks. The lower parts
of the White subregion have abundant outcrops of relatively
soluble Cretaceous and Tertiary sedimentary rocks, but
dissolved-solids load is not large because little runoff is
generated. About 33,000 acres is irrigated, including large
tracts near the river upstream from Meeker, Colo., that are
underlain by Mancos Shale. No transbasin exports occur
from the White subregion, and no large reservoirs exist in
the subregion.

Many drilling operations for oil and gas have occurred
throughout the subregion. A major point source of dissolved
solids existed in the Meeker Dome area, just north of the
White River upstream from Meeker, Colo. Highly saline
water from deep aquifers was seeping upward through aban-
doned and improperly plugged oil exploration wells drilled
during the 1920’s. Water from the Pennsylvanian and Per-
mian Weber Formation was postulated to be rising through
the deeper wells and discharging through the relatively
shallow Meeker well (U.S. Bureau of Reclamation, 1983).
Flow of about 3.2 ft3/s that had a dissolved-solids concen-
tration of 19,200 mg/L was measured at the Meeker well.
The dissolved-solids load was 57,000 tons/yr, mostly as
dissolved sodium and chloride (U.S. Department of the
Interior, 1985). The well was plugged in October 1968. The
next year, seepage again occurred in the area and had an
estimated dissolved-solids load of 27,000 tons/yr. In 1980
and 1981, three more abandoned wells were plugged. Water
levels in observation wells declined, and the resulting
decrease in dissolved-solids load was estimated to be 18,000
tons/yr.
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Much study has been done in the drainages of Piceance
and Yellow Creeks to evaluate potential effects from the
possible development of oil-shale deposits. The Uinta For-
mation is exposed throughout most of the area. The Parachute
Creek Member of the Green River Formation is the prin-
cipal bedrock aquifer in the area and is exposed along
streams. Water in the Parachute Creek Member has high con-
centrations of dissolved sodium, bicarbonate, and chloride
(Weeks and others, 1974). An area of about 5,000 acres is
irrigated in the Piceance Creek and Yellow Creek basins,
with about 4,000 acre-ft of water depleted from mid-March
through November.

White River below Meeker, Colo. (site 44)

The streamflow hydrograph for site 44 (table 3, pl. 1)
is characterized by substantial base flow and a snowmelt-
runoff peak that is partially depleted by irrigation (fig. 194).
Ionic composition is predominantly calcium and bicarbonate
during the high-flow season and calcium, sulfate, and bicar-
bonate during the low-flow season. Sulfate is the predomi-
nant component of dissolved-solids load because of the
upstream irrigation on areas underlain by Mancos Shale and
because of pyrite oxidation in the Green River Formation.
The mean annual flow-weighted dissolved-solids concen-
tration is 284 mg/L (table 7). During 1974-83, after the
plugging of the Meeker well (1968), dissolved chloride
averaged about 11,000 tons/yr out of a total dissolved-solids
load of 178,000 tons/yr (table 7). The period after the plug-
ging of the other three wells (1981-83) was too short for
an intervention analysis. However, the proportions of sodium
and chloride at site 44 decreased substantially during 1982
and 1983.

Annual monotonic-trend analyses indicated a highly
significant decrease in median annual flow-adjusted concen-
tration for the entire period of record. This decrease was 3.5
mg/L per year, representing a 12-percent change in the
median annual concentration during the 10 years of record.
Decreases in the flow-adjusted concentrations of calcium,
sodium, and bicarbonate contributed to this trend.

Piceance Creek below Ryan Gulch near Rio Blanco, Colo. (site 45)

Site 45 is about 12 mi upstream from site 46 (table 3,
pl. 1). The streamflow hydrographs for sites 45 and 46 on
Piceance Creek show similar distributions; streamflow at the
mouth (site 46) averaged 5 ft3/s more than at site 45 up-
stream (fig. 19B). Agricultural depletions cause decreased
streamflow during the irrigation season, notably during April;
ground-water return flows make up most of the streamflow
from November through February. Heavy snowfalls occa-
sionally increase streamflow during February and March,
and high-intensity thunderstorms occasionally increase
streamflow during late summer (Weeks and others, 1974).
No statistically significant annual monotonic trends were
detected at this site.

Piceance Creek at White River, Colo. (site 46)

Mean annual flow-weighted dissolved-solids concen-
trations in Piceance Creek increase from 926 mg/L at site
45 to 1,240 mg/L at site 46 (table 7). Eighty-eight percent
of this increase is a result of increases in sodium and bicar-
bonate concentrations. The relative proportions of sodium,
bicarbonate, and chloride increase between the two sites.
Sodium and bicarbonate are the predominant ions throughout
the year at both sites. The proportion of calcium is small,
and the equivalent concentration of magnesium exceeds that
of calcium. The relatively high concentrations and the pre-
dominance of sodium and bicarbonate apparently result from
subsurface flow through the Parachute Creek Member of the
Green River Formation, which is connected to the surface
by fracturing and is exposed in the lower reaches of the
Piceance Creek basin.

Annual monotonic-trend analyses for 1971-83 indicated
a highly significant decrease in median annual dissolved-
solids concentration of 44.1 mg/L per year and a marginal-
ly significant decrease in median annual flow-adjusted
concentration of 24.2 mg/L per year (table 8). During the
13 years of record, these decreases represent a 34-percent
change in median annual concentration and a 20-percent
change in median annual flow-adjusted concentration. Both
trends may be caused by changes in irrigation practice
associated with oil-shale leasing.

Yellow Creek near White River, Colo. (site 47)

Streamflow at site 47 (table 3, pl. 1) is generally less
than 4 ft3/s (fig. 19C). Occasional winter snowmelt events
and summer thunderstorms generate flood peaks as large as
500 ft3/s. Snowmelt runoff that occurs during April and May
is diverted for irrigation. During most of the year, the flow-
weighted dissolved-solids concentration is fairly constant,
averaging 2,140 mg/L (table 7). Sodium and bicarbonate are
the predominant ions throughout the year and account for
66 percent of the mean annual dissolved-solids load. Some
irrigation-return flow is indicated during October and
November. Chemical composition is very similar to that of
Piceance Creek, except that little snowmelt is available to
dilute ground-water inflow during the spring and early sum-
mer. The proportion of dissolved calcium is extremely small,
only 1.4 percent of the total load of dissolved solids.

White River above Rangely, Colo. (site 48)

Streamflow at site 48 (table 3, pl. 1) has approximate-
ly the same volume and seasonal pattern as at site 44. Con-
centrations of sodium, bicarbonate, and sulfate are higher,
and the mean annual flow-weighted dissolved-solids concen-
tration averages 391 mg/L (table 7). The increased dissolved
sodium and bicarbonate are contributed by Piceance and
Yellow Creeks and by water discharged from the Parachute
Creek Member of the Green River Formation. The increased

44  Characteristics and Trends of Streamflow and Dissolved Solids in the Colorado River Basin



3000

weelipilbenn

2000
1000
0 { |
80
1 T
60 B e s
-—~—- Site 46

[a)]

Z

(o)

(&S]

w

7))

o«

W

o

[

w

r

o 40 Period of record 1971-83

D 2

(]

z 0

3 S 1 T |

S 4- M

= C ean

s 3 [~ ———- Median

ﬁ 2 Period of record 1973-82

o 1k

-

(73] 0

>

a

g 3000 /5T T T x | T T T T 3
E — 1950-79 3

Z 2000 - 3

< ~ -

w - 3

S 1000 & =
A 3

0 - ] 1 | 1 =

OCT NOV DEC

JAN FEB MAR APR MAY JUNE JULY AUG SEPT

Figure 19. Mean daily streamflow at selected sites in White subregion of Green region. A, Site 44, White
River below Meeker, Colo. B, Site 45, Piceance Creek below Ryan Gulch near Rio Blanco, Colo., and
site 46, Piceance Creek at White River, Colo. C, Site 47, Yellow Creek near White River, Colo. D, Site

50, White River near Watson, Utah.

dissolved sulfate apparently is from dissolution of minerals
in the Williams Fork Formation, which is exposed down-
stream from Yellow Creek. Calcium and bicarbonate are the
predominant ions during the high-flow season. Calcium,
bicarbonate, and sulfate are predominant during the low-flow
season.

Evacuation Creek near Watson, Utah (site 49)

Runoff at site 49 (table 3, pl. 1) is very small. Evacua-
tion Creek drains exposures of the Uinta Formation and the
Parachute Creek Member of the Green River Formation.
Snowmelt runoff along Evacuation Creek at site 49 peaks
at about 2 ft3/s during April and May. Other than during
occasional floods, the creek is dry during most of the year,
except in the vicinity of local seepage from the Green River
Formation. Sodium and sulfate are the predominant ions
throughout the year and account for 80 percent of the
dissolved-solids load. Mean annual flow-weighted dissolved-

solids concentration averaged 1,720 mg/L during 1975-81
(table 7).

White River near Watson, Utah (site 50)

Site 50 (table 3, pl. 1) is 1 mi downstream from the
mouth of Evacuation Creek and about 8 mi downstream from
the Colorado-Utah State line. During 1979-83, a streamflow-
gaging station near the State line replaced the station near
Watson; the two stations are considered equivalent for this
report. Streamflow volume of the White River at site 50 is
essentially the same as at sites 44 and 48 (table 7). There
is substantial base flow, and the snowmelt-runoff peak is par-
tially depleted by irrigation diversions (fig. 19D). During
1969-83, after the Meeker well was plugged, the mean
annual flow-weighted dissolved-solids concentration aver-
aged 382 mg/L, and the dissolved-solids load averaged
263,000 tons. During the high-flow season, calcium and
bicarbonate are the predominant ions. During the low-flow
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season, calcium, sulfate, and bicarbonate are all equally
dominant. Before the Meeker well was plugged, sodium also
was a predominant cation during low flow.

The period of record was divided into a preintervention
period (1951-68) and a postintervention period (1969-83),
based on the plugging of the Meeker well in October 1968.
Annual step-trend analyses indicated a highly significant
decrease in annual dissolved-solids concentration of 89 mg/L
(table 4). This trend represents a 19-percent decrease from
the preintervention median concentration. Dissolved sodium
and chloride make up 55 percent of the total decrease. No
significant annual monotonic trends were identified for either
the preintervention or postintervention periods.

Bitter Creek at Mouth, near Bonanza, Utah (site 51)

Bitter Creek, like Evacuation Creek, drains the Green
River and Uinta Formations in the Uinta Basin. Bitter Creek
is the largest single inflow to the White River downstream
from site 50. Streamflow at site 51 (table 3, pl. 1) is very
small, mostly occurring as surface runoff from summer
thunderstorms. The mean annual flow-weighted dissolved-
solids concentration is 6,740 mg/L (table 7), the highest of
the 70 sites used for this report. Eighty-six percent of the
mean-annual dissolved-solids load is dissolved sodium and
sulfate.

White River at Mouth, near Ouray, Utah (site 52)

During 1975-83, the White River had an average an-
nual net accumulation of about 11,000 acre-ft of streamflow
and 40,000 tons of dissolved solids between site 50 and site
52 (table 3, pl. 1). Almost all of the increased dissolved-
solids load was composed of sodium, sulfate, and bicarbonate
from Bitter Creek and other small streams. The composi-
tion is predominantly calcium and bicarbonate during the
high-flow season and sodium, calcium, sulfate, and bicar-
bonate during the low-flow season. Mean annual flow-
weighted dissolved-solids concentration is 419 mg/L (table
7), which is less than at site 34 (491 mg/L) but is considerably
greater than upstream on the Green River at site 38 (152
mg/L).

Lower Green Subregion

The lower Green subregion includes the drainages of
the Price and San Rafael Rivers and all other tributaries to
the Green River between the confluence of the White and
Green Rivers and the confluence of the Green River with
the Colorado River. About 41,000 acres is irrigated in the
Price River basin, mainly near the town of Price, Utah.
Runoff from the Wasatch Plateau is stored in Scofield Reser-
voir for irrigation releases, and some water is diverted into
the Price River basin from Huntington Creek in the San
Rafael River basin. Mancos Shale deposits underlie much
of the agricultural area in the lower Price River basin and
contribute large quantities of dissolved solids to the Price

River. Accumulation of salts in agricultural land is a serious
issue. Coking coal is produced in the Price River basin from
underground mines; however, production declined during
the 1960’s and early 1970’s (Mundorff, 1972).

The San Rafael River basin shares many characteristics
with the Price River basin. It is very arid except for the head-
waters in the Wasatch Plateau. About 42,000 acres is irri-
gated, primarily on Mancos Shale benches, in the vicinity
of the towns of Huntington, Castle Dale, and Ferron, Utah
(pl. 1). Water is stored for irrigation release in Joes Valley
Reservoir and Electric Lake. Coal-fired powerplants in
Emery County, Utah, use an estimated 24,000 acre-ft of
water per year. There are many small transbasin exports
westward to the Great Basin that date back to 1906. Down-
stream from the agricultural lands, the San Rafael River
crosses the San Rafael Swell, an uplift area where upper
Paleozoic and Mesozoic strata are exposed. These include
the Curtis and Carmel Formations of Jurassic age, which con-
tain deposits of gypsum and halite.

Price River at Woodside, Utah (site 53)

Streamflow at site 53 (table 3, pl. 1) is greatly affected
by storage, diversions for public supply and agriculture, and
irrigation-return flows. Water seldom is released from
Scofield Reservoir during the winter, and the growing-season
releases ordinarily are used entirely for irrigation. Because
of irrigation diversions, median daily streamflow at site 53
lacks a snowmelt-runoff peak (fig. 204). Occasional extreme-
runoff years, when snowmelt greatly exceeds irrigation
requirements, cause an increase in mean daily streamflow
during April through June. Summer and autumn storms pro-
duce flash floods that have peak flows as large as 5,000 ft3/s.
Mean annual dissolved-solids load averages 240,000 tons
(table 7), of which 76 percent is dissolved sodium and sulfate.
During 1949-83, the mean annual flow-weighted dissolved-
solids concentration was 1,990 mg/L (table 7). Sodium and
sulfate are the predominant ions throughout the year, prob-
ably because of fairly continuous irrigation-return flows from
the agricultural areas.

For 1949-83, annual monotonic-trend analyses indi-
cated a significant decrease in median annual dissolved-solids
concentration of 33.2 mg/L per year and a highly signifi-
cant decrease in median annual flow-adjusted concentration
of 23.1 mg/L per year (table 8). Decreases occurred during
all months and for all constituents except dissolved bicar-
bonate, which is not strongly affected by contributions from
the Mancos Shale. The decrease in dissolved-solids concen-
tration represents a 37-percent change in the median annual
concentration and may result from agricultural lands that have
been taken out of production. The decrease in flow-adjusted
concentration represents a 28-percent change in the median
annual flow-adjusted concentration during the period of
record. About 89 percent of this change was due to decreases
in sodium and sulfate concentrations. Dissolved-solids load
did not change significantly.
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Figure 20. Mean daily streamflow at selected sites in lower Green subregion of Green region. A, Site 53,
Price River at Woodside, Utah. B, Site 54, Green River at Green River, Utah. C, Site 55, Cottonwood Creek
near Orangeville, Utah. D, Site 57, San Rafael River near Green River, Utah.

Green River at Green River, Utah (site 54)

Site 54 (table 3, pl. 1) is the site farthest downstream
on the main stem of the Green River. The San Rafael River
is the only major tributary of the Green River downstream
from this site. Streamflow at site 54 is representative of the
cumulative hydrology of almost the entire Green region.
Mean daily streamflows during the period before construc-
tion of Flaming Gorge Dam (1929-62) and during the period
after completion of initial filling (1965-83) are shown in
figure 20B. The combined contributions from the Yampa and
White Rivers are greater than the flow at site 34 and pro-
duce a snowmelt-runoff peak during May and June. Although
storage in Flaming Gorge Reservoir decreases the snowmelt
runoff, the main effect of regulation has been to double the
streamflow during the low-flow season to about 3,500 ft3/s.
From 1965 to 1983, mean annual flow-weighted dissolved-
solids concentration averaged 463 mg/L (table 7). Calcium
and bicarbonate are the predominant ions during the high-
flow season. Sodium, calcium, and sulfate predominate dur-
ing the low-flow season (fig. 14). Since the reservoir was
filled, mean annual dissolved-solids concentration has in-

creased, primarily from increases in the dissolved-sulfate
concentration. The variability of monthly dissolved-solids
concentration and chemical composition has decreased.

The period of record was divided into a preintervention
period (1929-62) and a postintervention period (1965-83).
This division corresponds to the filling of Flaming Gorge
Reservoir and approximately corresponds with the filling of
Fontenelle Reservoir. Annual step-trend analyses indicated
a highly significant increase in annual dissolved-solids con-
centration of 29 mg/L, despite increased streamflow (table
4). This was a 7-percent change from the preintervention
median concentration. Trends indicated a marginally signifi-
cant increase in annual dissolved-solids load of 330,000 tons,
a 14-percent change from the preintervention median load
(table 4). No statistically significant annual monotonic trends
were identified for either the preintervention or postinter-
vention periods (table 8).

Cottonwood Creek near Orangeville, Utah (site 55)

Cottonwood Creek is one of the three main tributaries
that merge downstream from Castle Dale, Utah, to form the
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San Rafael River. Site 55 (table 3, pl. 1) is downstream from
Joes Valley Reservoir but upstream from diversions to the
agricultural area of the San Rafael River basin. Construc-
tion of Joes Valley Reservoir preceded the beginning of
water-quality sampling at this site. Streamflow of Cotton-
wood Creek at site 55 has been controlled almost complete-
ly by reservoir releases since 1966. Snowmelt runoff is stored
in Joes Valley Reservoir during May, then released through-
out the irrigation season; there is a sharp decline in stream-
flow at the end of October (fig. 20C). Because this site is
upstream from the agricultural areas, mean annual flow-
weighted dissolved-solids concentration is relatively low (225
mg/L; table 7), and it is almost constant throughout the year.
Calcium and bicarbonate are predominant ions throughout
the year; magnesium also becomes predominant during the
low-flow season. The proportions of dissolved sodium and
sulfate are small.

San Rafael River at San Rafael Bridge Campground,
near Castle Dale, Utah (site 56)

Site 56 (table 3, pl. 1) is about 13 mi downstream from
the confluence of Huntington, Cottonwood, and Ferron
Creeks. It is downstream from almost all the agricultural land
in the San Rafael River basin. Substantial quantities of
dissolved solids from irrigation-return flows and from springs
and seeps in the Curtis and Carmel Formations also enter
the river upstream from this site. Mean annual streamflow
is only slightly greater than at site 55, but dissolved-solids
load increases almost eightfold. Dissolved sodium and sulfate
compose 72 percent of the dissolved-solids load. Sodium and
sulfate are the predominant ions throughout the year. Calcium
and magnesium are approximately equal to sodium during
the high-flow month of June. Streamflow during May re-
mains relatively low because of irrigation diversions.
Although the proportions of dissolved sodium and sulfate are
much larger than at site 55, the available data do not indicate
the relative magnitude of dissolved-solids load contributed
by the irrigated Mancos Shale area versus natural dissolved-
solids load from the San Rafael Swell area. However, based
on the minimal runoff in the San Rafael Swell area, most
of the dissolved-solids load may be leached from the Mancos
Shale benches. Agricultural soils in the area have deteriorated
from salt accumulation, and 4,600 acres was eliminated from
agricultural use during 1976.

San Rafael River near Green River, Utah (site 57)

Site 57 (table 3, pl. 1) is about 20 mi upstream from
the confluence with the Green River, in an area referred to
as the San Rafael Desert. Comparison of data from this site
and site 56 indicates that streamflow and dissolved-solids load
increase slightly, but dissolved-solids concentration is about
the same. The proportion of dissolved sulfate increases in
the reach between the two sites. Since the filling of Joes
Valley Reservoir, the snowmelt-runoff peak occurs later in

the season; otherwise, streamflow has not changed greatly
(fig. 20D).

The period of record was divided into a preinterven-
tion (1947-65) and a postintervention (1966-83) period based
on the filling of Joes Valley Reservoir. No statistically signifi-
cant annual step trends or annual monotonic trends were
detected in the data. Monthly step trends indicated a redis-
tribution of streamflow, probably because of regulation by
the reservoir. Streamflow decreased significantly during
January, February, and May and increased significantly dur-
ing July and October.

General Trends in the Green Region

The filling of Flaming Gorge Reservoir and, to some
extent, Fontenelle Reservoir has decreased seasonal variabil-
ity in streamflow along the main stem of the Green River.
Streamflow at site 34 near Greendale, Utah, is virtually con-
stant throughout most years. Significant increases in annual
dissolved-solids concentration and load at site 34 resulted
from dissolution of mineral salts in bed and bank material
inundated by Fontenelle and Flaming Gorge Reservoirs, from
irrigation-return flows in the Big Sandy River basin, and from
increases in streamflow. The Eden Valley Project, begun dur-
ing the 1950’s, increased the dissolved-solids load of the Big
Sandy River because of large irrigation-return flows.

The Yampa River contributes almost the same volume
of water as does the Green River upstream from their con-
fluence. Because the dissolved-solids concentration in the
Yampa River is lower than in the Green River, the Yampa
River inflow has a diluting effect. Increases in dissolved-
solids load and concentration in the Yampa River may be
related to surface mining of coal in the basin.

The White River contributes a large load of dissolved
solids derived from natural and anthropogenic sources. Re-
cent efforts to control the flow of saline ground water from
several abandoned wells near Meeker, Colo., have produc-
ed a significant decrease in dissolved-solids concentration
downstream.

The Price and San Rafael Rivers also transport large
quantities of dissolved solids from agricultural sources.
Streamflow has high concentrations of dissolved sodium and
sulfate, resulting from irrigation-return flow from agricultural
areas underlain by Mancos Shale and from contributions from
the Carmel Formation. Reductions in irrigated area may have
caused decreases in dissolved-solids concentration in the
Price River.

At site 54 near Green River, Utah, near the downstream
end of the Green region, step-trend analysis indicated
decreasing seasonal variability. Dissolved-solids concentra-
tion increased by 29 mg/L because of changes upstream from
Flaming Gorge Dam. Decreased concentration of dissolved
chloride was caused by the decrease in dissolved-solids input
from the Meeker Dome area.
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San Juan Region

The San Juan region consists of the San Juan River
drainage basin and the large arid area downstream from the
confluence of the Green and Colorado Rivers. Most of the
flow of the San Juan River originates on the western slope
of the Rocky Mountains in Colorado. Streamflow contributed
to the Colorado River in this region originates almost en-
tirely in the San Juan River basin. The San Juan region
contains 35 percent of the total drainage area of the Upper
Colorado River Basin and contributes 16 percent of the
streamflow and 14 percent of the dissolved-solids load. Lake
Powell extends upstream to within about 20 mi of the con-
fluence of the Green River, and it has inundated many
features in the region, including the mouth of the San Juan
River and the former town of Hite, Utah. Except for minor
inputs from the Paria River, the flow of the Colorado River
leaving the Upper Colorado River Basin is completely con-
trolled by Glen Canyon Dam and Lake Powell. During
1966-80, the mean annual streamflow of the Colorado River
at Lees Ferry, Ariz. (site 69) (table 3, pl. 1), was about 8.8
million acre-ft, mean annual flow-weighted dissolved-solids
concentration was 564 mg/L, and the dissolved-solids load
was about 6.7 million tons (table 9).

Data from 13 sites were evaluated for the San Juan
region (pl. 1). Mean annual streamflows, dissolved-solids
concentrations and loads, and major-constituent loads were
determined at each of these sites (table 9). Chemical com-
position of streamflow for selected sites is shown in figure
21. Selected monotonic trend-analysis results are listed in
table 10. The San Juan region was divided into two sub-
regions: the San Juan and the main stem (pl. 1).

San Juan Subregion

The San Juan subregion consists of the entire San Juan
River basin. Large tracts of land are irrigated along the San
Juan and Animas Rivers in the vicinity of the towns of
Farmington, Bloomfield, and Fruitland, N. Mex. Navajo
Dam and Reservoir is the largest water-storage project in
the San Juan region. Completed in 1963 and having a capacity
of about 1.7 million acre-ft (table 2), Navajo Reservoir is
the third largest reservoir in the Upper Colorado River Basin.
The Navajo Indian Irrigation Project diverts water from the
reservoir to supply Navajo Indian lands east of the Chaco
River. Delivery of water to the Navajo Indian Irrigation
Project began in 1976. Delivery during 1984 totaled 120,000
acre-ft, about one-half of the estimated depletion at full
development.

Several diversions export water from the San Juan
River basin to the Rio Grande basin. The largest is Azotea
Tunnel, which has exported about 107,000 acre-ft/yr from
the Navajo River and Rio Blanco drainages since 1971 (table
1), as part of the San Juan-Chama Project. Vallecito Reser-
voir, Lemon Reservoir, and Electra Lake provide water

storage in the Los Pinos and Animas River drainages. Large
volumes of irrigation water are imported to the McElmo
Creek drainage from the Dolores River through the
Montezuma Tunnel.

Vallecito Creek near Bayfield, Colo. (site 60)

Streamflow in the headwaters of the San Juan drainage
generally has low dissolved-solids concentrations. Site 60
(table 3, pl. 1) has very large mean annual runoff, averag-
ing 26.8 in., and very low mean annual flow-weighted
dissolved-solids concentration, averaging 34 mg/L (table 9).
The site is upstream from Vallecito Reservoir, and seasonal
streamflow consists of a broad snowmelt-runoff peak fol-
lowed by a gradual recession period and very little stream-
flow during the winter months (fig. 224). Calcium and
bicarbonate are the predominant ions throughout the year.

Analyses of annual monotonic trends indicated small
but significant decreases in median annual dissolved-solids
concentration of 0.3 mg/L per year and in median annual
flow-adjusted concentration of 0.3 mg/L per year (table 10).
These decreases represent a 17-percent change in the median
annual concentration and in the median annual flow-adjusted
concentration during the 21 years of record. Most of this
change results from a decrease in dissolved sulfate. The cause
of this decrease is not known.

San Juan River near Archuleta, N. Mex. (site 61)

Site 61 (table 3, pl. 1) is 7 mi downstream from Navajo
Dam. About one-half of the total flow of the San Juan River
enters the river upstream from this site. Streamflow has been
completely regulated since June 1962. Although the initial
filling period of the reservoir ended in June 1964, storage
did not exceed 1 million acre-ft of its 1.7 million acre-ft
capacity until 1968. The effect of reservoir storage and
releases on streamflow is shown in figure 22B. Prior to 1962,
streamflow was dominated by snowmelt runoff; after the
initial reservoir filling, streamflow was almost constant.
Although the seasonal variability in dissolved-solids con-
centration has been greatly decreased, the mean annual
dissolved-solids concentration has not changed between the
two periods. From 1964 to 1983, mean annual flow-weighted
dissolved-solids concentration averaged 166 mg/L (table 9).
Calcium and bicarbonate are the predominant jons throughout
the year.

The period of record was divided into a preintervention
period (1956-61) and a postintervention period (1964-83)
(table 4), based on the initial filling of Navajo Reservoir.
No annual step trends were statistically significant. There
is no evidence of leaching or mineral precipitation in the
reservoir. Monthly step trends in streamflow and dissolved-
solids concentration and load indicate the decrease in seasonal
variability after the initial filling of the reservoir (fig. 234).

Annual monotonic-trend analyses of the postinter-
vention period indicated a marginally significant decrease
in median annual dissolved-solids concentration of 1.1 mg/L
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Figure 21. Mean chemical composition of dissolved solids at selected sites in San Juan region. Cations on left, anions

on right.

per year (table 10). This trend represents a 12-percent change
in the median annual concentration during the 20-year period.

Animas River at Farmington, N. Mex. (site 62)

The Animas River is the largest tributary of the San
Juan River. At site 62 (table 3, pl. 1), near the mouth of
the river, mean annual runoff averages about 8.1 in. (table
9). Streamflow is somewhat regulated by Lemon Reservoir
and Electra Lake, and about 30,000 acres is irrigated up-
stream from the site. The streamflow hydrograph shows a
typical snowmelt-runoff peak in June and steady base flow
during the winter months (fig. 22C). Mean annual flow-
weighted dissolved-solids concentration is greater than at site
61, averaging about 263 mg/L. Calcium and dicarbonate are
the predominant ions during the high-flow season. Calcium
and sulfate predominate during the low-flow season.

No statistically significant annual monotonic trends in
streamflow or dissolved solids were detected during 1955-83.
However, monthly concentrations of dissolved sodium and
chloride decreased significantly, mainly during the low-flow
season.

San Juan River at Farmington, N. Mex. (site 63)

Site 63 (table 3, pl. 1) is just downstream from the
mouth of the Animas River. Irrigated area upstream from
the site totals about 86,000 acres. Streamflow is controlled
partly by Navajo Reservoir, and the period of record
(1962-82) is essentially the same as the postintervention
period for site 61. Streamflow is a combination of the
regulated streamflow of the San Juan River and the seasonal
streamflow of the Animas River. Streamflow peaks during
June, and it is maintained at about 1,200 ft3/s during the
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Table 10. Selected annual monotonic-trend-analysis results—San Juan Region
[Sites having less than 10 years of dissolved-solids data are not reported; n, number of years of dissolved-solids data; acre-ft/yr, acre-feet per year;
mg/L, milligrams per liter; tons/yr, tons per year; HS, highly significant (p < 0.01); S, significant (0.01 < p < 0.05); MS, marginally significant

(0.05 < p € 0.10); - -, not significant (p > 0.10)]

Annual trend in dissolved solids

Site Period Annual trend

Flow-adjusted

(table of in streamflow Concentration Load concentration

3, record $1gn1f- Trend slgmf_Trend Per- $1gn1f- Trend o .. §1gn1f— Trend Per-
plate (water n icance (acre- centl LCance (mg/L) ¢1 icance (tons/ centl Lcance (mg/L) cent!

1) years) level ft/yr) en level ‘™8 cen level yr) o level g €
60 1963-83 21 -- -- -- S -0.3 17 -- -- -- S -0.3 17
61 1964-83 20 -- -- -- MS -1.1 12 -- -- - - -- -
62 1955-83 29 -~ - -- -- - -- -- -- - - - --
63 1962-82 21  -- - - - - -- -- - -- -- -- --
65 1964-83 20 -~- -- -- MS -3.7 20 - - -- S -2.7 15
68 1930-61 32 -- - -- - - -- -- - - S -1.5 10
68 1964-83 20 -- -- -- MS -7.1 26 - - - S -3.7 14
69 1942-62 21 -- -- -- S 7.3 33 -- - -- S 3.3 14
69 1966-80 15 -- -- -- -- -— == -~ -- -- -- -- -—-

lpercent change during period of record.

low-flow season. Excluding the Animas River inflow, about
65,000 tons/yr of dissolved solids is added to the San Juan
River in the reach between Archuleta and Farmington, N.
Mex., mostly as dissolved sulfate. Irrigation-return flows
from agricultural lands possibly are the source of this in-
crease. Because of the upstream regulation, dissolved-solids
concentration does not vary greatly throughout the year. No
statistically significant annual monotonic trends were detected
for this site.

Chaco River near Waterflow, N. Mex. (site 64)

The Chaco River drains a large, but arid, region south
of the San Juan River and discharges into the San Juan River
just upstream from Shiprock, N. Mex. Site 64 (table 3, pl.
1) is about 5 mi downstream from the Four Corners Power-
plant, a large, coal-fired utility that began operating in 1967.
Coal is supplied from a large strip mine upstream, where
Upper Cretaceous deposits in the Fruitland Formation are
overlain by Kirtland Shale. Water is pumped from the San
Juan River to Morgan Lake, beside the powerplant, where
it is used for cooling purposes. Wastewater from the plant
drains from several holding ponds into the Chaco River,
creating a perennial stream downstream from the powerplant.
Base flow is maintained at about 15 ft3/s. The remainder
of the flow of the Chaco River is almost entirely from occa-
sional, intense rainfall (fig. 22D). Mean annual flow-
weighted dissolved-solids concentration averages 801 mg/L,
and the mean dissolved-solids load is 33,000 tons/yr (table
9), 72 percent of which is sodium and sulfate.

San Juan River at Shiprock, N. Mex. (site 65)

Streamflow at site 65 (table 3, pl. 1) is about the same
as at site 63, but dissolved-solids concentration and load are
greater. Of the dissolved solids contributed in the reach, 74

percent is dissolved sodium and sulfate. During 1964-83,
mean annual flow-weighted dissolved-solids concentration
averaged 324 mg/L (table 9). Calcium, bicarbonate, and
sulfate are the predominant ions during the high-flow season.
Calcium and sulfate are predominant during the low-flow
season. The proportion of dissolved sulfate in the dissolved-
solids load increases from 32 percent at site 61 to 41 per-
cent at site 63 and to 45 percent at site 65. The seasonal
variability of streamflow and dissolved solids at site 65
markedly decreased after the closure of Navajo Reservoir.

The period of record was divided into a preintervention
period (1958-61) and a postintervention period (1964-83)
based on the initial filling of Navajo Reservoir. Because of
the short preintervention period, step trends were not
evaluated nor were monotonic trends evaluated for that
period. Annual monotonic-trend analyses for the postinter-
vention period indicated marginally significant decreases in
median annual dissolved-solids concentration of 3.7 mg/L
per year and significant decreases in median annual flow-
adjusted concentration of 2.7 mg/L per year (table 10). These
decreases represent a 20-percent change in the median an-
nual concentration and a 15-percent change in the median
annual flow-adjusted concentration during the 20-year period.

Mancos River near Cortez, Colo. (site 66)

Site 66 (table 3, pl. 1) is downstream from about 12,000
acres of irrigated land underlain by Mancos Shale. Navajo
Wash drains additional irrigation area and discharges into
the Mancos River downstream from the site. Therefore, the
Mancos River contributes substantially more dissolved solids
than reported for this site. Snowmelt runoff from the moun-
tain headwaters results in a hydrograph peak from April
through June. Calcium and sulfate are predominant through-
out the year. Magnesium also becomes predominant during
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Figure 22. Mean daily streamflow at selected sites in San juan subregion of San Juan region. A, Site 60,
Vallecito Creek near Bayfield, Colo. B, Site 61, San Juan River near Archuleta, N. Mex. C, Site 62, Animas
River at Farmington, N. Mex. D, Site 64, Chaco River near Waterflow, N. Mex. E, Site 67, McElmo Creek
near Colorado-Utah State line. F, Site 68, San Juan River near Bluff, Utah.

October through March. Although dissolved-solids concen-

tration during base flow averages about 1,800 mg/L, the large McEImo Creek near Colorado-Utah State line (site 67)
volume of snowmelt runoff decreases the average flow- Site 67 (table 3, pl. 1) is downstream from about 33,000
weighted dissolved-solids concentration to 666 mg/L (table  acres of irrigated agriculture. McElmo Creek drains most
9). Sulfate makes up 60 percent of the dissolved-solids load.  of the Montezuma Valley irrigation area, which uses water
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Figure 23. Step trends at site 61 (San Juan River near Archuleta,
N. Mex.) from 1956-61 to 1964-83.

imported from the Dolores River basin. Although the
chemical composition is similar to the water at site 66, the
mean annual flow-weighted dissolved-solids concentration
and load are much greater, averaging 2,210 mg/L and
110,000 tons (table 9). The streamflow hydrograph shows
the effect of irrigation diversions. A snowmelt-runoff peak
is absent, and most of the streamflow seems to be composed
of irrigation-return flows (fig. 22F). Dissolved-solids con-
centration is almost constant throughout the year. Calcium,
magnesium, and sulfate are the predominant ions. Sulfate
is 63 percent of the dissolved-solids load.

San Juan River near Bluff, Utah (site 68)

Between sites 65 and 68 (table 3, pl. 1), the drainage
area of the San Juan River almost doubles. Because most
of the additional land is very arid, streamflow increases only
slightly. However, mean annual dissolved-solids load in-
creases by 374,000 tons (table 9). Excluding the measured
inputs from the Mancos River (site 66) and McElmo Creek
(site 67), which average 151,000 tons, dissolved-solids load
in the reach increases by 223,000 tons/yr, 45 percent of
which is dissolved sulfate. Mean annual streamflow at site
68 has decreased since the filling of Navajo Reservoir. Deple-

tions that began after 1961 include evaporation and increased
storage in the reservoir, the Azotea Tunnel diversions,
Navajo Indian Irrigation Project diversions, and several
smaller uses downstream from Navajo Reservoir. Resultant
changes in seasonal streamflow are shown in figure 22F.
Seasonal variations in streamflow and dissolved solids have
decreased, but inflows, primarily from the Animas River,
result in a modest snowmelt-runoff peak during May and
June. Flow-weighted dissolved-solids concentrations aver-
aged 467 mg/L during 1964-83 (table 9). Since the filling
of Navajo Reservoir, calcium and sulfate have been the
predominant ions throughout the year. Because of decreases
in seasonal variability, dissolved bicarbonate is no longer
the major anion during the high-flow season.

The period of record was divided into a preintervention
period (1930-61) and a postintervention period (1964-83)
(table 4), based on the initial filling of Navajo Reservoir.
Annual step-trend analyses indicated a marginally significant
increase in annual dissolved-solids concentration of 47 mg/L,
which represents an 11-percent change from the preinterven-
tion median concentration. Most of this increase was due to
changes in dissolved sodium and sulfate concentrations.
These constituents were added principally in the reach down-
stream from the reservoir. A decrease in annual streamflow,
although not statistically significant, limited the water
available for dilution of dissolved solids at site 68.

Annual monotonic-trend analyses indicated a signifi-
cant decrease in median annual flow-adjusted concentration
of 1.5 mg/L per year, which represents a 10-percent change
from the preintervention median concentration. During the
postintervention period, trends indicated a marginally signifi-
cant decrease in median annual dissolved-solids concentra-
tion of 7.1 mg/L per year and a significant decrease in median
annual flow-adjusted concentration of 3.7 mg/L per year
(table 10), mostly because of decreases in calcium, sodium,
and sulfate. These decreases represent a 26-percent change
in median annual concentration and a 14-percent change in
median annual flow-adjusted concentration during the 20-year
period.

A second step-trend analysis, using 1968-83 as the
postintervention period, indicated no significant annual
trends. For several years after Navajo Reservoir began to
fill, releases were small, supplying less water to dilute the
dissolved solids contributed downstream from the reservoir.
After 1968, the reservoir was mostly full, more water was
released, and dissolved-solids concentrations decreased. The
reservoir, once filled, has affected seasonal variability but
has not affected long-term mean values at site 68.

There are no additional sites on the San Juan River
downstream from site 68. There are no perennial streams
and virtually no irrigated agriculture in the reach, and
dissolved-solids inputs probably are much smaller than those
contributed in the reach between sites 65 and 68. Because
of this, site 68 generally represents the entire input of the
San Juan River to Lake Powell and the Colorado River.
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Main-Stem Subregion

The main-stem subregion consists of the remainder of
the San Juan region including the Dirty Devil and Paria
Rivers and the main stem of the Colorado River. An area
of about 19,000 acres is irrigated in the Dirty Devil River
basin, which empties into the upper end of Lake Powell,
upstream from the San Juan River. The Fremont River and
Muddy Creek merge near Hanksville, Utah, to form the Dirty
Devil River. Two small reservoirs, Johnson and Mill
Meadow, store water for irrigation-season releases. The
Carmel Formation and Mancos Shale are major contributors
of dissolved solids to the stream system. As in the San Rafael
and Price River basins to the north, large tracts of irrigated
land are underlain by Mancos Shale.

Only about 3,300 acres is irrigated in the Paria River
basin, which empties into the Colorado River downstream
from Glen Canyon Dam. The Paria River basin receives the
only transbasin import into the entire Upper Colorado River
Basin. The Tropic and East Fork Canal has imported water
from the Sevier River in the Great Basin since 1892. An-
nual imports averaged 4,840 acre-ft during 1974-83. The
imports were used to irrigate land underlain by Tropic Shale.

Lake Powell is formed by Glen Canyon Dam, 16 mi
upstream from Lees Ferry, Ariz. The reservoir extends more
than 180 mi upstream and inundates more than 250 mi2 of
canyon and desert. Total storage capacity of the reservoir
is about 27 million acre-ft. Evaporation from the lake sur-
face averaged 517,000 acre-ft/yr during 1973-82 (U.S.
Bureau of Reclamation, 1982; J. Osterberg, U.S. Bureau of
Reclamation, oral commun., 1986). The 710-ft-high dam was
begun in 1957 and completed in 1963. The reservoir serves
multiple purposes; it is a major recreation area and a source
of hydroelectric power. It provides flood control on the
Colorado River and also is a water supply for meeting the
terms of the Colorado River Compact during extended
droughts. Storage began in Lake Powell on March 13, 1963,
but the severe drought during 1963 and 1964 slowed the fill-
ing. The minimum power-pool elevation of 3,490 ft was
reached in August 1964, and the Glen Canyon powerplant
was placed in operation that September. Excess spring runoff
during 1965 was passed on to Lake Mead, producing a max-
imum streamflow of 56,600 ft3/s. The initial filling period
ended July 31, 1965, when a normal streamflow release pro-
gram was begun (fig. 24). At the end of water year 1965,
Lake Powell was 31 percent full. Annual releases of 8 to
10 million acre-ft were maintained during water years
1966-79. Filling continued until June 22, 1980, when total
storage reached 27 million acre-ft at a lake-surface eleva-
tion of 3,700 ft. This marked the end of the filling period,
and since then, the reservoir has remained relatively full.
Exceptionally large inflows during 1983 required releases
over the dam’s spillway, which provided a maximum
streamflow of 92,600 ft3/s. Releases during 1984 remained
consistently between 25,000 and 30,000 ft3/s, except for a

period during June and July, when more than 2 million acre-ft
was released to prevent overtopping of the dam. During the
drought years of 1977 and 1981, releases from the reservoir
exceeded inflow.

Dirty Devil River above Poison Spring Wash,
near Hanksville, Utah (site 58)

Site 58 (table 3, pl. 1) is less than 20 mi upstream from
the mouth of the Dirty Devil River. Although the headwaters
are in the Wasatch Plateau, most of the basin is arid. Runoff
is minimal, and streamflow is affected by agricultural diver-
sions. Spring runoff is greatly depleted, and median flow
in June and July is almost zero because of continued irriga-
tion (fig. 254). Intense storms and winter runoff supply most
of the annual streamflow; spring runoff only occasionally
exceeds depletions for irrigation. Most of the dissolved-solids
load results from the dissolution of gypsum and halite and
enters the stream from diffuse ground-water inflow. Calcium
and sulfate are the predominant ions throughout the year.
Sulfate is 51 percent of the dissolved-solids load, and chloride
is 10 percent of the dissolved-solids load, an unusually large
percentage. Mean annual flow-weighted dissolved-solids con-
centration was 1,110 mg/L during 1969-76 (table 9).

Colorado River at Hite, Utah (site 59)

Site 59 (table 3, pl. 1), upstream from the mouth of
the San Juan River, has been inundated by the waters of Lake
Powell. Water-quality data exist from 1951 through 1956
and seem to represent the preintervention period. Mean
annual flow-weighted dissolved-solids concentration for the
period was 580 mg/L (table 9). The dissolved-solids con-
centration in streamflow downstream from Hite, Utah, is
diluted by the inflow of the San Juan River. Seasonal stream-
flow at site 59 indicated a well-defined snowmelt-runoff peak
during May and June and an average base flow of about 5,000
ft3/s throughout the winter months. Calcium, bicarbonate,
and sulfate are the predominant ions during the high-flow
season. Sodium and sulfate are the predominant ions during
the low-flow season. Sulfate averages 42 percent of the
dissolved-solids load throughout the year. The monthly load
of chloride had much less variation than that of the other
constituents, which indicates a relatively constant supply rate.

Colorado River at Lees Ferry, Ariz. (site 69)

The streamflow hydrograph for site 69 (table 3, pl. 1),
prior to 1962, was characterized by a snowmelt-runoff season
peaking during late May or early June at more than 50,000
ft3/s, and a well-sustained base flow of 5,000 ft3/s or more
(fig. 25B). Daily streamflow during 1922-62 ranged from
1,000 to 124,000 ft3/s. Mean monthly dissolved-solids con-
centration during 1942-62 varied from 300 mg/L during June
to 1,000 mg/L during January. Calcium and bicarbonate were
the predominant ions during the high-flow season (May and
June). Sodium, calcium, and sulfate were predominant dur-
ing the remainder of the year. Sulfate was 41 percent of the
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Figure 24. Daily streamflow at site 69 (Colorado River at Lees Ferry, Ariz.).

dissolved-solids load throughout the year. Mean annual
streamflow averaged about 11.5 million acre-ft during
1942-62 (table 9). Annual inflows to Lake Powell during
the principal filling period (1966-80) averaged 10.8 million
acre-ft, and annual outflows were about 8.8 million acre-ft,
representing a mean annual depletion of 2 million acre-ft.
This depletion was a result of increased storage in the reser-
voir, losses through net evaporation, and losses to net bank
storage. After normal operation was established in 1965,
most releases of reservoir water were through the power-
plant. Although day-to-day variations in release were large,
the annual variations in daily streamflow were much less than
in the past. During the principal filling period, streamflow
had no snowmelt-season peak (fig. 25C). Slight increases
in releases during the winter and summer months indicated
seasonal increases in power demand for heating and air
conditioning.

Streamflow releases during the initial filling period had
relatively high dissolved-solids concentrations because of
unusually low inflows. After 1968, the overall dissolved-
solids concentration in the reservoir had stabilized. Mean
annual dissolved-solids concentration at site 69 was not
significantly affected by the reservoir. During 1966-80, the
mean annual flow-weighted dissolved-solids concentration
was 564 mg/L, an increase of less than 5 percent of the

1942-62 mean annual flow-weighted concentration (539
mg/L). Mean annual dissolved-solids load, however,
decreased from about 8.4 to 6.7 million tons/yr (table 9),
because of the decrease in streamflow. During the principal
filling period, calcium, sodium, and sulfate were the pre-
dominant ions throughout the year. The monthly variation
in dissolved-solids concentration, load, and chemical com-
position was very small. Since the end of the principal fill-
ing period, the record is too short for average conditions of
streamflow and dissolved solids to be estimated accurately.

The period of record at site 69 was divided into a
preintervention period (1942-62) and a postintervention
period (1966-80) (table 4), based on the principal filling of
Lake Powell. Annual step-trend analyses indicated a signifi-
cant decrease in annual streamflow of 2,705,000 acre-ft and
a highly significant decrease in annual dissolved-solids load
of 1,588,000 tons between the two periods. These decreases
represent a 24-percent change from the preintervention
median streamflow and a 19-percent change from the pre-
intervention median load. Dissolved-solids concentration did
not change significantly, which indicates that the changes in
streamflow and load were merely the result of increasing
storage in the reservoir. Monthly step trends indicate a
decrease in seasonal variability (fig. 26). Dissolved-solids
concentration decreased by as much as 600 mg/L during the
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Figure 25. Mean daily streamflow at selected sites in main-stem subregion of San Juan region. A, Site 58,
Dirty Devil River above Poison Spring Wash, near Hanksville, Utah. B, Site 69, Colorado River at Lees
Ferry, Ariz. C, Site 69, Colorado River at Lees Ferry, Ariz., showing selected non-exceedance probabilities
during the principal filling period (1966-80). D, Site 70, Paria River at Lees Ferry, Ariz.).

low-flow months, but did not change annually. A significant
decrease of 27 mg/L in median annual bicarbonate concen-
tration was indicated between the two periods. Although not
statistically significant, the mean annual concentration of
calcium decreased and all other constituents increased.
Upstream changes in water use probably would not decrease
the concentration of calcium and bicarbonate, and the
estimated loss may be from precipitation of calcite in the
Teservoir.

Annual monotonic-trend analyses of the preinterven-
tion period indicated a significant increase in median annual
dissolved-solids concentration of 7.3 mg/L per year (table
10). This represents a 33-percent change in median annual
concentration during the 21-year period. Median annual flow-
adjusted concentration also increased significantly by 3.3
mg/L per year, which represents a 14-percent change dur-
ing the period of record. These increases result from increas-
ing development and decreasing streamflow upstream in the
Upper Colorado River Basin. No statistically significant
annual monotonic trends were indicated for the principal fill-

ing period, except that concentrations of calcium and bicar-
bonate decreased by 1.04 mg/L per year, which may result
from increasing calcite precipitation as the reservoir filled.

Paria River at Lees Ferry, Ariz. (site 70)

Site 70 (table 3, pl. 1) is near the confluence of the
Colorado River, about 1 mi downstream from site 69.
Although streamflow of the Paria River averages less than
0.5 percent of the streamflow of the Colorado River at site
69, flows at the two sites normally are added together to result
in the official flow leaving the Upper Colorado River Basin
at Lee Ferry, Ariz. Water-quality analyses for the Paria River
are few, and dissolved-solids data are reported only to
generally indicate dissolved-solids concentrations in the Paria
River. Although streamflow and dissolved-solids load are
less than those for site 58, areal runoff is comparable at both
sites (table 9). The pattern of seasonal streamflow is similar
at both sites, except that runoff from thunderstorms is a
greater part of the total streamflow in the Paria River (fig.
25D). Mean annual flow-weighted dissolved-solids concen-
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Figure 26. Step trends at site 69 (Colorado River at Lees Ferry,
Ariz.) from 1942-62 to 1966-80.

tration during 1948-50 was 1,340 mg/L (table 9); sulfate
was 61 percent of the dissolved-solids load. Unlike the Dirty
Devil River basin, the Paria River basin does not contain
large outcrops of the Carmel Formation, and the proportion
of chloride is much lower, about 2 percent of the dissolved-
solids load. Calcium, sodium, and sulfate are the predomi-
nant ions throughout the year. Annual dissolved-solids load
from 1948 to 1950 averaged 32,000 tons (table 9).

General Trends in the San Juan Region

Annual streamflow of the San Juan River has not
changed appreciably. Streamflow of the Colorado River at
site 69 at Lees Ferry, Ariz., essentially represents the outflow
of the entire Upper Colorado River Basin. Streamflow at
Lees Ferry indicates changes throughout the basin, as well
as the storage of inflows in Lake Powell and the complete
regulation of outflows from Glen Canyon Reservoir.

Annual step-trend analyses at sites along the San Juan
River indicate a decrease in monthly variability but little
change in annual streamflow or dissolved solids. A marginal-
ly significant increase in dissolved-solids concentration at site
68 indicates that a change occurred during the filling of
Navajo Reservoir.

Annual step-trend analyses for the Colorado River at
site 69 at Lees Ferry, Ariz., indicate the decrease in stream-

flow and dissolved-solids load during the principal filling
period of Lake Powell, as well as the virtual elimination of
seasonal variability. Annual monotonic-trend analyses indi-
cated that dissolved-solids concentration increased during the
preintervention period, possibly resulting from increased
development and exports upstream. Since 1942-62, however,
dissolved-solids concentration has not changed significantly.

Lake Powell and Dissolved-Solids Outflow
from the Upper Colorado River Basin

Because of its size and location, Lake Powell is the
single most important anthropogenic feature affecting
streamflow and dissolved solids in the Upper Colorado River
Basin. Because of its capacity to store and mix inflows, the
reservoir has decreased the seasonal and annual variability of
streamflow and dissolved solids downstream from Glen
Canyon Dam. Located at the downstream end of the Upper
Colorado River Basin, releases from the reservoir effectively
control the volume of water supplied to the Lower Colorado
River Basin.

In terms of its effects on dissolved solids, Lake Powell
primarily is a large mixing tank. After the initial filling
period, the monthly dissolved-solids concentration in the
outflow water stabilized within a narrow range (fig. 27). Dur-
ing water years 1971-83, monthly dissolved-solids concen-
trations in the outflow (site 69) ranged from 492 to 645 mg/L.
Within that same period, concentrations in the inflow to Lake
Powell (flow-weighted mean of sites 21, 54, 57, and 68)
ranged from 261 to 904 mg/L, more than four times the range
of the outflow concentration.

The mixing-tank concept was tested using a simple
mass-balance procedure. Monthly inflow volumes and
dissolved-solids loads were computed by summation of the
streamflows and loads at sites 21, 54, 57, and 68. The
measured volumetric storage change for Lake Powell was
compared to the difference between the inflow and outflow
volumes during the month. The dissolved-solids mass in
storage was calculated as the product of the volume in storage
(V) and the mean monthly outflow concentration at site 69
(Cy,). Mass-balance equations could then be written for the
change in volume:

Vm_Vm—1=QI,m—Q0,m+UV,m ©)
and the change in dissolved-solids load:
CnVm—Cn-1Vm-1=Lim—Lo,m+ UL m M

where
Vi = the volume in storage at the end of month m;
Vm—1=the volume in storage at the end of the previous
month (m—-1);
Q1,m = the total inflow volume during month m;
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Figure 27. Monthly dissolved-solids concentration in Lake Powell inflow and outflow.

Q0,m = the outflow volume during month m;
Uy, m = the unexplained change in volume during month
m;
C,, = the flow-weighted mean dissolved-solids concen-
tration in the outflow during month m;

Cp,—1 = the flow-weighted mean dissolved-solids concen-
tration in the outflow during the previous month
(m—1);

Ly, = the total inflow dissolved-solids load during month
m;

Lo, m = the outflow dissolved-solids load during month m;

UL, m = the unexplained change in load during month m.

The unexplained changes in volume (Uy, ;) and load (UL )
were defined to be negative if there was a loss in the reser-
voir during the month and positive if there was a gain. Unex-
plained losses of volume could be caused by evaporation or
bank storage. Unexplained volume gains could be due to
return flow from bank storage or unmeasured inflow. Over
a long period, evaporation probably has the greatest effect.
If equation 6 is accurate, the long-term mean value of Uy
should be negative and approximately equal to the mean
monthly evaporation. Monthly values of Uy are plotted in
figure 28 for the period of record after July 1965, when the

normal release program was implemented. The mean
monthly unexplained change in volume for that period was
—45,111 acre-ft, which indicates an annual loss of about
541,000 acre-ft from Lake Powell. A smoothed curve
through the monthly values shows the annual deviation about
this mean during the period. This loss closely corresponds
to U.S. Bureau of Reclamation estimates of evaporation from
the reservoir, which averaged about 517,000 acre-ft per year
for 1973-82 (U.S. Bureau of Reclamation, 1982; J.
Osterberg, U.S. Bureau of Reclamation, oral commun.,
1986). Therefore, equation 6 seems appropriate for com-
puting reservoir storage.

If the primary source of water loss in Lake Powell is
actually evaporation, the dissolved-solids load would not be
affected. A long-term gain or loss identified by the mean
monthly unexplained change in load would indicate that a
chemical process, such as salt dissolution or precipitation,
was occurring in the reservoir. However, no consistent
departure from zero was found in the values of Uy, (fig. 29).
The values were evenly distributed around zero, which in-
dicates short-term fluctuations in mixing or inaccuracy of
the mass balance given by equation 7. The mean monthly
value was not significantly different from zero, and a
smoothed curve showed no trend during the period. There-
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Figure 28. Monthly change in Lake Powell volume that is not explained by inflow-outflow mass balance.

fore, the mixing-tank concept seems appropriate for assess-
ing the long-term effect of Lake Powell on dissolved-solids
loads. Inflow volumes and loads are mixed in the reservoir,
and the variability of the outflow dissolved-solids concen-
tration has decreased. The loss or gain of dissolved solids
within the reservoir could not be detected.

SUMMARY

Annual and monthly concentrations and loads of
dissolved-solids and major constituents were estimated for
70 streamflow-gaging stations in the Upper Colorado River
Basin. Trends in streamflow, dissolved-solids concentrations,
and dissolved-solids loads were identified. Nonparametric
trend-analysis techniques were used to determine long-term,
monotonic trends and step trends that resulted from human
activities upstream. Results were compared with physical
characteristics of the basin and historical water-resource
development in the basin to determine source areas of dis-
solved solids and possible cause of trends.

The mean annual dissolved-solids concentration of the
Colorado River increases from less than 100 mg/L in the
headwater streams to more than 500 mg/L at Lees Ferry,

60

Ariz., downstream from Lake Powell. For the 70 sites
analyzed in this report, mean annual flow-weighted concen-
tration ranged from 29 mg/L near the headwaters of the Colo-
rado River to 6,740 mg/L in Bitter Creek near Bonanza,
Utah. In headwater streams, calcium and bicarbonate are the
predominant dissolved constituents. Lower in the basin, in
areas underlain by sedimentary rocks, large quantities of
sulfate, sodium, and calcium are transported into the stream
system. In many streams in the Colorado Plateau province,
dissolved sulfate constitutes about 60 percent of the dissolved-
solids load.

For sites on streams that have a mean annual stream-
flow greater than 25,000 acre-ft, the maximum dissolved-
solids concentrations occurred downstream from areas where
irrigated agriculture has major effects on streamflow and
dissolved solids. Streams affected by irrigation return flow
include the Big Sandy, Price, San Rafael, Uncompahgre, and
Dirty Devil Rivers, McElmo and Salt Creeks, and Reed
Wash. In the basins of these streams (except the Big Sandy
River), large tracts of irrigated land are underlain by Mancos
Shale. At sites downstream from these areas, sulfate is the
predominant anion. Calcium or magnesium usually is the
predominant cation in streams in the Grand region and the
eastern side of the San Juan region. Sodium is the predomi-

Characteristics and Trends of Streamflow and Dissolved Solids in the Colorado River Basin
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Figure 29. Monthly change in Lake Powell dissolved-solids load that is not explained by inflow-outflow mass balance.

nant cation on the western side of the Colorado Plateau in
the Green and San Juan regions.

Large natural sources of dissolved-solids load include
springs along the Colorado River in the Glenwood Springs,
Colo., area (475,000 tons/yr) and along the Dolores River
in the Paradox Valley area (223,000 tons/yr). Together, these
sources account for 26 percent of the sodium and 57 percent
of the chloride outflow from the entire Upper Colorado River
Basin.

Tributary basins where irrigation occurs on areas
underlain by Mancos Shale contribute large dissolved-solids
loads. The largest of these loads came from the Uncompahgre
River basin (344,000 tons/yr), the Price River basin (240,000
tons/yr), and the San Rafael River basin (192,000 tons/yr).
The Grand Valley area, near Grand Junction, Colo., pro-
duces a dissolved-solids load of 439,000 tons/yr, almost
entirely attributable to irrigation-return flow from Mancos
Shale. Irrigation of areas overlying the Uinta and Green River
Formations contributes to large dissolved-solids loads from
the Duchesne River basin (351,000 tons/yr) and the Big
Sandy River basin (163,000 tons/yr). Other tributaries that
have large dissolved-solids loads are the Gunnison River
(1,281,000 tons/yr, including the load from the Uncom-
pahgre River), the Roaring Fork River (288,000 tons/yr),

the Yampa River upstream from Maybell, Colo. (223,000
tons/yr), the Animas River (209,000 tons/yr), the White
River upstream from Meeker, Colo. (178,000 tons/yr), and
the Eagle River (160,000 tons/yr).

Significant trends in streamflow, dissolved-solids con-
centration, dissolved-solids load, or flow-adjusted concen-
tration were identified for 30 sites in the Upper Colorado
River Basin. The records for 10 of these sites were each
divided into two periods to evaluate the step trends associated
with specific human activities upstream. Monotonic trends
were evaluated separately for the preintervention and post-
intervention periods at these sites and for the entire period
of record for sites without identified interventions. No signifi-
cant trends were found for 13 of the sites. Trend analyses
were not done for 27 sites that had less than 10 years of
record.

At the more upstream sites in the basin, trends seem
to be related to increased transbasin diversions and to changes
in land use. Downstream from the Alva B. Adams Tunnel/
Lake Granby diversion, streamflow and dissolved-solids load
in the Colorado River have decreased. However, dissolved-
solids concentration has increased at some Colorado River
sites because the diverted water generally has a lower
dissolved-solids concentration than in the downstream
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inflows. Dissolved-solids concentration and load have
decreased in the Eagle River at Gypsum, Colo., where the
upstream land use has changed from agriculture and mining
to recreation. In the Yampa River basin, surface mining for
coal has increased since the 1960’s and may have contributed
to increases in dissolved-solids concentration and load in the
Yampa River near Maybell, Colo.

In the Big Sandy River basin, irrigation-return flows
from the Eden Valley Project increased the annual dissolved-
solids load in the Big Sandy River below Eden, Wyo., by
more than 1,740 tons/yr per year, primarily as sodium and
sulfate, from 1962 to 1981. In the Price River basin, the flow-
weighted dissolved-solids concentration in the Price River
at Woodside, Utah, decreased by 33.2 mg/L annually from
1949 to 1983. Eighty-nine percent of this change resulted
from decreases in sodium and sulfate concentrations. This
decrease may be the result of reductions of irrigated area
in the basin.

Trends that indicate salinity-control effects were de-
tected at two sites. Dissolved-solids concentration decreased
by 89 mg/L at the White River near Watson, Utah, after the
plugging of abandoned wells in the Meeker Dome area. At
Reed Wash near Loma, Colo., which drains the area affected
by salinity-control activities in the Grand Valley, annual
dissolved-solids load decreased by about 2,770 tons annual-
ly during 1973-83, despite increasing streamflow. Salinity
control in the Grand Valley also may have caused the
decreases in flow-adjusted concentration from 1966 to 1983
at the Colorado River near Cisco, Utah.

The primary factor affecting trends in streamflow and
dissolved solids in the Upper Colorado River Basin has been
the construction of large reservoirs. Storage in a large reser-
voir enables mixing of inflows that may have large varia-
tions in volume and dissolved-solids concentration. This
mixing can decrease the monthly and annual variability of
streamflow and dissolved solids downstream from the reser-
voir. Chemical processes in the reservoir, such as mineral
dissolution or precipitation, also can change the dissolved-
solids characteristics downstream. In the Gunnison River,
downstream from Blue Mesa Reservoir, streamflow has
decreased and dissolved-solids concentration has increased
during high flow (May-June). Conversely, streamflow has
increased and dissolved-solids concentration has decreased
during low flow (August-March). Overall, the monthly
variability of streamflow and dissolved-solids concentration
has diminished. This effect also is apparent farther down-
stream at the Colorado River near Cisco, Utah. Similar
decreases in monthly variability have occurred at the San
Juan River near Archuleta, N. Mex., downstream from
Navajo Reservoir. No significant changes in annual stream-
flow or dissolved solids were found for this site.

Increases in dissolved-solids load have occurred in the
Green River downstream from Fontenelle and Flaming
Gorge Reservoirs. Both reservoirs inundated outcrops that
contain gypsum (calcium sulfate). Sulfate accounted for most

of the increase in dissolved-solids load at sites directly
downstream from the reservoirs. Dissolved-solids concen-
tration and load increased as far downstream as Green River,
Utah, following the filling of the two reservoirs.

The largest step trends identified in the Upper Colorado
River Basin occurred downstream from Lake Powell at Lees
Ferry, Ariz. During the principal filling of the reservoir,
streamflow decreased by about 2.7 million acre-ft/yr and
dissolved-solids load decreased by about 1.6 million tons/yr.
Although the annual dissolved-solids concentration did not
change, the variability has been greatly diminished. Changes
in monthly dissolved-solids concentration indicate a decrease
in seasonal variability as well. Lake Powell functions like
a large mixing tank, which diminishes the variations in
streamflow and dissolved-solids outflow from the Upper
Colorado River Basin. However, the period of record since
the completion of filling was too short to estimate the long-
term effects of that reservoir.
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